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Abstract 
The use of aquacultured individuals to restore and rebuild fisheries, i.e. aquaculture-based-
enhancement (ABE), is increasing globally to maintain seafood supplies and increase 
production of depleted species such as abalone (Haliotidae, Halioits). Sea ranching is one form 
of ABE that is very prominent in China, Korea, and Japan, and has recently been developed 
for Greenlip Abalone, Haliotis laevigata, in Flinders Bay, south-western Australia. Ocean 
Grown Abalone (OGA) contract the production of juvenile abalone by 888 Abalone’s hatchery 
at Bremer Bay and transport them to Flinders Bay where they release them onto artificially 
created habitats (Abitats). Production from this sea ranching facility has now reached 
55 tonnes year-1, 41% of the 2018 total production from all Western Australian capture abalone 
fisheries. 
This thesis investigated the performance of released abalone on the OGA sea ranch by 
tagging hatchery raised individuals to: (i) estimate growth in shell length and total weight and 
how this varies across the lease (different “lines” of Abitats) in relationship to water 
temperature and dissolved oxygen, (ii) investigate whether growth differs between the hatchery 
and the ocean phases, and (iii) evaluate whether a mark laid down after moving from the 
hatchery to the ocean environment (hatchery mark) provides a good estimate for the size of 
seeding and can be used to calculate the growth of harvested abalone. Other morphometric 
measurements of harvested abalone were also documented including shell length (SL), shell 
width (SW), shell depth (SD), total weight (WT), and foot weight (FW), with correlation 
conducted between each of these variables.  
Three cohorts of abalone were tagged and released onto Abitats on different lines on 
the lease and one cohort was released on different artificial structures (“Flatpacks”). One of the 
cohorts was tagged in the hatchery and retained for 74 d before release, while the other cohorts 
were released immediately after tagging. Individual growths rate in SL and WT from the size 
at tagging and the size at harvest were calculated, with a one-way ANOVA showing that 
growth across the sea ranching lease was homogenous i.e. did not differ significantly among 
lines (SL: P = 0.17, WT: P = 0.42), with overall growth rates for SL of 2.318 mm month-1 and 
WT of 2.403 g month-1. Logger data from three lines on the sea ranch showed similar patterns 
of variation in water temperature and dissolved oxygen between 20th March 2020 and 31st May 
2020 and did not appear to differ significantly. A paired T-test for individual abalone found 
that growth rates did not differ significantly between the hatchery and ocean phases for either 
shell length (T73 = 1.3, P = 0.209) or weight (T16 = 1.4, P = 0.173), with an overall growth rate 
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of 1.964 mm month-1 for the hatchery and ocean phases which projects an expected time of 2.5 
years (30.5 months) to reach 100 mm and 3.8 years (45.8 months) to reach 130 mm shell length 
after seeding onto Abitats at ~40 mm shell length. This time to length projection is shortened 
to 2.2 years (25.9 months) to 100 mm and 3.2 years (38.8 months) for abalone to reach the 
130 mm harvest target using the growth rate from tagged abalone across all lines sampled 
(2.318 mm month-1). 
The first apparent application of shell morphometric analyses to Greenlip Abalone 
found that the mean SL:SD and mean SL:SW ratios differed significantly among lines (P = 
0.016, P = 0.010, respectively) but the differences in ratios were small (0.33, 0.04) and unlikely 
to be biologically significant. The hatchery mark at harvest was a linear predictor of the SL at 
seeding, with high statistical significance (P < 0.001, n = 178) and the hatchery mark 
accounting for 50.6% of the variation in SL at seeding.  
The results from this Thesis provide the first quantitative growth estimates of individual 
Greenlip Abalone from the OGA sea ranching site in Flinders Bay, south-western Australia. 
Highlighting the importance of continuing estimation of growth rates and meristic 
measurements, the remaining tagged abalone will provide valuable information about growth 
throughout the entire ocean phase for sea ranching, by the evaluation of growth rates through 
maturing size ranges as the abalone reach harvest size. Potentially, this could be incorporated 
into future monitoring procedures for OGA commercial operations to provide accurate 
measurements of growth across the whole lease.  
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Chapter 1 Introduction 
Recent Food and Agriculture Organisation (FAO) reports, along with reconstructions of 
landings to include illegal, unreported, and unregulated fishing (IUU), show that world 
fisheries are in an era of change, with global capture fisheries declining considerably since the 
mid 1990’s (Pauly & Zeller, 2016). Overfishing has been recognised as a significant impact on 
fish stocks and marine ecosystems globally (Pauly et al., 2002; Worm & Branch, 2012; 
Kleisner et al., 2013) and the questionable accuracy of nationally supplied catch data to the 
FAO continue to be of significant concern (Pauly & Zeller, 2016).  
 Current FAO reported landings from global marine capture fisheries have plateaued 
since ~1990 at ~80 to 85 million tonnes (mt), with a decrease in total catch from 2015 to 2016 
(81.2 mt to 79.3 mt; FAO, 2020), followed by an increase from 2017 to 2018 (81.2 mt to 84.4 
mt), though this is still below peak catches of 86.4 mt from 1996 (FAO, 2020). However, when 
past landings are reconstructed to include IUU catches as described by Pauly and Zeller (2016), 
global capture fisheries have instead seen a dramatic fall from the mid-1990s peak catch of 130 
million tonnes, with a mean estimated declining of -1.22 mt year-1, three times faster than the 
FAO reported decline characterised as “stable” of -0.38 mt year-1 (Pauly & Zeller, 2016). It has 
been reported that the potential discrepancy between reported and actual catch can equate to 
an additional 40% of catch taken, though this figure is likely to be higher in small-scale 
fisheries through south-east Asia (Teh & Pauly, 2018). 
 
1.1 Abalone capture fisheries 
The family Haliotidae is a member of the class Gastropoda, within which all abalone are 
classified in a single genus, Haliotis (Nam et al., 2017). Abalone have supported very high-
value fisheries because of their high demand, primarily in Asian markets (Gorfine et al., 2018), 
the total number of species found within the genus Haliotis is uncertain, though the literature 
often cites Geiger (2000), who refers to 56 species. However, in a search of the World Register 
of Marine Species (WoRMS), 55 species were found 
(http://marinespecies.org/aphia.php?p=taxdetails&id=138050 accessed 27/06/2019), of which 
about half of these species are thought to be fished commercially.  
Abalone capture fisheries are a classic example of a very significant global capture 
fisheries decline, with global production of abalone declining dramatically since the 1960s, 
(Prince, 2008), e.g. the global harvest of abalone from capture fisheries declined from 19,720 
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tonnes in 1970 to only 6,500 tonnes in 2015, 33% of the 1970 harvest levels (Cook, 2016). In 
order to arrest the global decline in abalone fisheries, restrictions and total closures have been 
put in place in some commercial and recreational fisheries in the hope of rebuilding stocks for 
the future (Campbell, 2000). Although the extent of decline in abalone fisheries and the 
management interventions made to arrest the decline vary among fisheries around the world, 
numerous examples from different regions show that abalone fisheries management is a major 
issue that requires fine-scaled information to better guide management decisions. Two 
examples of the scale of decline in abalone capture fisheries and the management actions taken 
to arrest the decline are described below, one from California and the other from South Africa. 
This is followed by a description of changes in the Australian abalone capture fisheries.  
The greatest global decline recorded in abalone capture fisheries has been in California, 
where production has reduced greatly and poor management procedures and decisions led to a 
serial depletion in a number of Haliotis species including H. rufescens, H. fulgens, 
H. cracherodii, H. sorenseni, and H. corrugata (Campbell, 2000). Such was the extent of the 
over-exploitation, that in May 1997, the entire Californian coast was closed to the commercial 
abalone fishing, with only recreational H. rufescens fishing permitted to continue in northern 
Californian (Leiva & Castilla, 2002). Up until 2018, northern California continued to support 
the recreational, free-dive only H. rufescens fishery valued at up to US $44 million per year. 
This fishery continued to operate until a mass mortality event following a marine heat wave in 
2014/16 forced its closure (Hart et al., 2020). Currently, fishing for all abalone in California 
remains closed, with H. fulgens and H. corrugata now classified as “species of concern” and 
H. sorenseni and H. cracherodii classified as “endangered” under federal protection (Crosson 
et al., 2020) 
In South Africa, abalone fisheries are heavily reliant on a single commercially exploited 
species, the South African abalone Haliotis midae (Difford et al., 2017). This species takes 3-
5 years to reach marketable size for a premium return (80-100 mm shell length [SL]) (Vlok et 
al., 2016). The commercial capture fishery has been in operation for decades and its 
management has centred around a zone system, effort limitations, size limits, closed seasons, 
and total allowable catch (TAC) quotas (Madikiza, 2013). However, from 1995/6, when the 
capture fisheries produced 615 tonnes of H. midae (Raemaekers et al., 2011), the TAC was 
systematically reduced with concerns surrounding the sharp declines in stock and an increase 
in poaching activity, until the fishery was closed completely for two years in 2008 (Madikiza, 
2013).  
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During this time, the H. midae aquaculture industry grew after captive abalone were 
spawned successfully in the 1990s (Difford et al., 2017). From 2000 to 2015, H. midae 
aquaculture production grew from 181 tons to 1489 tons (DAFF, 2013), accounting for 
approximately 90% of South Africa’s total aquaculture revenue (Difford et al., 2017). Black 
market trade for H. midae has increased greatly since the mid-1990s, with highly organised 
international syndicates making this capture fishery the most difficult to manage in South 
Africa (Branch & Clark, 2006), and the most criminalised trade of wildlife in Africa 
(Raemaekers & Britz, 2009). Added to the depletion of the wild H. midae stocks was an 
ecological event known as the ‘lobster effect’ (Tarr et al., 1996). This was the mass mortality 
of juvenile abalone, indirectly caused by the influx of West Coast rock lobster (Jasus lalandii) 
(Raemaekers et al., 2011). In this region, H. midae receive both protection and nourishment 
from the urchin Parechinus angulosus, a species which is a significant component of the diet 
of J. lalandii. The incursion of J. lalandii significantly reduced the abundance of urchins which 
lead to reduced survival and recruitment of juvenile abalone and negative impacts on the 
abalone fishery (Cockcroft et al., 2008; Blamey et al., 2010; Raemaekers et al., 2011). The 
combined effects of the highest global levels of IUU fishing (Isaacs & Witbooi, 2019), and the 
ecological impact of the ‘lobster effect’ (Tarr et al., 1996), led to the ‘abalone crisis’ of South 
African abalone capture fisheries, which saw the TAC reduce from 615 tons in 1995/6, to 
75 tons in 2007/8, 12% of the 1995/6 levels, before the commercial fishery closed for two years 
on February 1st, 2008 (Raemaekers et al., 2011; Madikiza, 2013). 
 
1.2 Abalone fisheries in Australia  
In Australia, abalone populations remained largely untouched until the mid-1960s, when 
commercial fishing for abalone began (Prince et al., 1998). While up to 19 Haliotis species 
have been described from Australian waters, four are endemic and fished commercially and 
recreationally, namely: Blacklip (H. rubra), Greenlip (H. laevigata), Brownlip 
(H. conicopora), and Roe’s Abalone (H. roei) (Mayfield et al., 2012). In Western Australia, 
the latter three species are commercially harvested, with Greenlip Abalone being the main 
commercial species, followed by Roe’s and Brownlip Abalone (Figure 1.1). The commercial 
abalone fisheries in Australia began with rigorous management strategies, including minimum 
size limits, and capping the number of commercial abalone divers (Prince, 2008). These 
measures were designed to prevent a ‘tragedy of the commons’, where uncontrolled access to 
a resource compels users to increase their resource use without limit of a finite i.e. limited 
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Figure 1.1 Images of the commercially and recreationally fished abalone found in the waters of 
Western Australia (from Island, 2011). Roe’s Abalone are legally harvested from 60 mm 
while Greenlip and Brownlip Abalone are legally harvested from 140 mm.  
 
Abalone metapopulations form aggregations that are soon well known by fishers, and 
are targeted exclusively to the detriment of self-recruitment (Prince, 2005), and thus global 
wild caught fisheries production declines have been significant for sedentary, easily accessible 
stocks such as abalone, which as the most prized marine gastropod, have about half of their 
extant 56 species harvested commercially (Geiger, 2000). Commanding a high market demand, 
primarily for Asian countries, where the foot muscle is considered a delicacy (Bell et al., 2005; 
Gorfine et al., 2018), Australian abalone fisheries have been subject to unsustainable fishing 
pressures since the 1960s, resulting in the detrimental impacts to fisheries and the ecological 
processes of their coastal environments (Bell et al., 2008). 
Australian abalone catches increased rapidly, reaching 6,000 tonnes in the 1970s 
(Gilmour et al., 2011; Mayfield et al., 2012), until concern about the status of the abalone 
fishery grew during the 1980s, prompting research that ultimately led to a breakthrough in 
understanding the age of abalone from shell ageing techniques developed in Japan (Prince et 
al., 1988a; Mundy & Jones, 2017), and the abundance of small, juvenile abalone from new 
approaches to detecting small individuals (McShane & Smith, 1988; Prince et al., 1988c). 
Knowledge from these studies has led to management decisions aimed at creating sustainable 
fishing of the abalone stocks, determined by life history parameters such as variations in 
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abalone growth, mortality, size at reproductive maturity, morphology, and recruitment (Cook, 
2016). 
Tasmania is the largest Australian abalone capture fishery producing state, with an 
average total yield from capture fisheries (~95%) and aquaculture (~5%) of 1,710 t year-1 of 
Blacklip and Greenlip Abalone since 2015/16. Abalone production in Tasmania was worth an 
estimated $90.5 million in the 2017/18 season (Mobsby, 2020). This production and value is 
almost double the second most productive state, Victoria, who averaged 1,021 t year-1 from 
2015/16 to 2017/18 (57% capture fisheries, 42% aquaculture, $40.3 million year-1 value) 
(Mobsby, 2020). Western Australian abalone production was all wild caught, and averaged 
157.7 t year-1 since 2015/16, worth $6.3 million year-1 (Mobsby, 2020). Since then, an abalone 
sea ranching operation has been developed in south-western Australia, which produced 55 
tonnes of Greenlip Abalone in 2019 (see below).  
 
1.3 Abalone aquaculture production 
In contrast to the trajectory of the global capture fisheries production, aquaculture has 
developed to be the fastest growing global source of food production (Dadar et al., 2017) with 
production increasing an estimated 10.8% year-1 in the 1980s and 9.5% year-1 in the 1990s, and 
continued to grow at ~5.3% year-1 over the 17 years between 2001 and 2018 (FAO, 2020). In 
2018, the FAO has estimated that aquaculture production provided 46% of the total fisheries 
production globally up from 25.7% in 2000, with 88.7% coming from Asia and 57.9% from 
China in 2018 (FAO, 2020). 
 Abalone aquaculture production has increased at a greater rate than that for total 
aquaculture–increasing from 50 tonnes in 1970 (0.25% of total abalone production) to 129,287 
tonnes in 2015 (95.2% of total abalone production), so that it is now ~20 times greater than the 
production of capture fisheries (Cook, 2016). China and Korea are the leading world producers 
of aquaculture reared abalone and they continue to pursue greater food security through 
developing larger offshore sea-cage farm capabilities, which reduces production costs and 
creates a more efficient grow out process compared to onshore aquaculture (Davis & 
Carrington, 2005). In 2015, China dramatically increased its offshore sea-cage production 
capabilities, which gives it the potential to produce as much as 115,397 tonnes year-1 of abalone 
and Korea has increased its abalone export volume from 1,000 tonnes year-1 in 2003 to 
9,400 tonnes year-1 in 2015 (Cook, 2016). 
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1.4 Aquaculture-based enhancement for abalone fisheries 
As efforts to restore previous stock levels of fish and invertebrates are a major global priority 
(FAO, 2018), protection and the restoration of capture fisheries has developed aquaculture 
aided enhancement strategies, termed aquaculture-based enhancement (ABE) (Lorenzen et al., 
2013; Taylor et al., 2017). New technical solutions are consequentially being developed that 
aim at combating ecological limitations in natural systems to fisheries production through 
overcoming issues for natural production, including recruitment limitation and degraded 
natural habitats, and the restrictive management practices that are implemented to ameliorate 
these issues e.g. limiting access to habitats, restricting fishing activities in terms of fishing 
effort and creating marine protected areas with no fishing zones (Pérez-Ruzafa et al., 2008). 
Marine stock enhancement is one form of ABE that has been used increasingly across the 
globe, and is seen as a promising synergy between capture fisheries and aquaculture to apply 
hatchery technology that enables the release of artificially propagated fish and invertebrates to 
utilise the natural production of the sea in a bid to restore and augment some coastal fisheries 
(Blaxter, 2000; Bell et al., 2008; Loneragan et al., 2013; Lorenzen et al., 2013; Taylor et al., 
2017). 
 The release of artificially cultured individuals into the marine environment has been 
classified into three main categories: restocking, stock enhancement, and sea ranching (Bell et 
al., 2008). According to Bell et al. (2008), restocking is “the release of cultured juveniles into 
wild population(s) to restore severely depleted spawning biomass to a level where it can once 
again provide regular, substantial yields”, with the focus centred on increasing the spawning 
stock and recruitment of future generations (Kitada, 2018). Restocking may be used to re-
establish a commercial fishery faced with overfishing pressures, and/or the release of juveniles 
reared in “conservation hatcheries” that help restore endangered or threatened species, and is 
often accompanied by management interventions aimed at reducing fishing effort (Loneragan 
et al., 2013). Stock enhancement is defined by Bell et al. (2008) as “the release of cultured 
juveniles into wild population(s) to augment the natural supply of juveniles and optimize 
harvests by overcoming recruitment limitation, which is common for many coastal species with 
pelagic larvae in open ecosystems even with adequate spawning biomass”. Stock enhancement 
thus aims to increase recruitment to, and production of, the current generation (Kitada, 2018). 
Sea ranching has been defined as “the release of cultured juveniles into open marine and 
estuarine environments for continued growth and harvest at a larger size, with no intention that 
the released animals contribute to the spawning biomass, though it may occur” (Bell et al., 
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2008). The immediate goal of sea ranching, also known as put, grow, and take operations (Hunt 
et al., 2017) is to create production for the current generation (Kitada, 2018).  
In Australia, early ABE research focused primarily on fin fish which are recreationally 
targeted, though high value invertebrates are now considered the best candidates (Hart, 2015). 
Fisheries enhancement through sea ranching is practised on very large commercial scales in 
China, Japan and South Korea (Taylor et al., 2017). In these countries, it is often combined 
with the deployment of artificial reefs to increase production, thus combining ABE with habitat 
enhancement (Taylor et al., 2017). In southern Australia, hatchery produced juvenile Greenlip 
Abalone have been successfully seeded onto artificial reef habitats, combining ABE with 
habitat enhancement in a bid to improve and maintain local fishing grounds in Cape Jervis, on 
the Fleurieu Peninsula in South Australia (Dixon et al., 2006). In this region six of the eight 
sites seeded with juvenile abalone recorded survival rates of between 47 to 57% after six 
months (Dixon et al., 2006). Abalone sea ranching has also been developed and is being 
practised at a commercial scale in Flinders Bay, south-western Australia (Taylor et al., 2017; 
Greenwell et al., 2019a; Greenwell et al., 2019b). Understanding the biology, particularly 
habitat preferences, recruitment, reproduction and growth of abalone provides important 
information for determining the potential for sea ranching abalone.  
 
1.5 Biology of abalone 
Abalone have lecithotrophic planktonic larvae, which ensures they are not reliant on external 
sources of nourishment, as they are sustained by an egg yolk supply (Rhode, 2010). 
Theoretically, these planktonic larvae are capable of dispersing many kilometres given their 
life expectancy of a couple of days, however, due to poor horizontal swimming capacity, any 
dispersion in these stages is largely dependent on local hydrodynamic patterns and the 
availability of suitable settlement habitats (Prince et al., 1987; Miyake et al., 2017). Recent 
research suggests that the dispersal of abalone larvae from the spawning area is very limited, 
i.e. in the order of tens to hundreds of metres (Prince et al., 1988b; Shepherd & Brown, 1993; 
Miller et al., 2014). This lack of dispersal capacity has created small scale (< 5 km2) micro-
stocks of abalone (Prince, 2003), where 80% of an abalone stock may be found clumped into 
20% of its habitat range (Prince et al., 1998), resulting in each wild abalone stock being a 
relatively independent aggregation relying heavily on self-recruitment, whilst still maintaining 
loose genetic links with the greater metapopulation of the geographic area through a stepping-
stone model of dispersal (Shepherd & Brown, 1993; Prince, 2005; Sandoval-Castillo et al., 
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2018). Genetic studies of Greenlip Abalone by Miller et al. (2014) along the south-east coast 
of Australia found strong genetic structure, indicating the presence of separate 
metapopulations. On the basis of this evidence, it was proposed that metapopulations of 
Greenlip Abalone inhabit reef areas of up to 30 km2, and that these metapopulations are largely 
self-recruiting. 
 
1.6 Estimating abalone growth 
Estimating growth is a fundamental component of fisheries science in understanding the 
potential yields of capture fisheries, and the likely returns from aquaculture and sea ranching 
operations. It also provides important parameters for stock assessment models, which lead to 
predictions of how stocks will respond to management actions, and ultimately assesses the 
relative merits of alternative fisheries management strategies (King, 2013). Prince et al. (2015) 
explored the relationship between growth and life-time reproduction using a meta-analysis of 
the Beverton-Holt life-history ratios for ~125 marine species. First described by Beverton and 
Holt (1959), the ratios outline the relationships between the instantaneous natural mortality (M) 
and the von Bertalanffy (1938) growth rate constant (k) (M/k), length at maturity (Lm) and 
asymptotic length (Linf) (Lm/ Linf), and M and the age at maturity (Tm) (M x Tm). Initial research 
on northern hemisphere species, mainly in the family Clupeidae, indicated that M/k was 1.5 
and Lm/Linf was ~0.66 for many species, and these ratios began to be referred to as the Beverton-
Holt life-history invariants (BH-LHI) (Charnov, 1993; Prince et al., 2015). However, the meta-
analysis by Prince et al. (2015) found large differences in the BH-LHI ratios across species and 
identified three major classes of species, Type I (M/k > 1, indeterminate growth, reproduce at 
small sizes), Type II (M/k < 1, indeterminate growth, reproduce when growth almost complete), 
and Type III (M/k < 1, determinate growth, reproduce when growth almost complete) species. 
Greenlip Abalone was categorised as a Type II species with a mean M/k of 0.53 (0.14-0.84) 
and Lm/Linf of 0.55 (0.34-0.80) (Prince et al., 2015). Type II species typically do not reproduce 
until growth is almost complete, with 70% of their spawning per recruit (SPR) achieved at sizes 
of > 80% of the asymptotic size (Prince et al., 2015). 
Stock biomass is mainly increased by the combination of recruitment to the population, and 
the growth of individuals already in the population (Haddon, 2011), particularly given the 
limited dispersal capacity of abalone (Prince et al., 1987; Temby et al., 2007; Miller et al., 
2016). Thus, growth information is critically important in almost every aspect of abalone 
fisheries (Hart et al., 2002). 
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 The simplest method for generating a growth curve for a population is by measuring 
the size distribution of the population through time, and examining changes in modal size 
(modal progression) (Haddon, 2011), and is a much easier method than age-structured models 
for hard to age species like abalone (Punt et al., 2016). Typically, length-based estimates of 
growth are used for stock assessments when (1) either there are no data on the age-structure or 
the removals from the population are unknown, (2) many of the key biological processes 
(growth, selectivity, natural mortality and fecundity) are size rather than age dependant, and/or 
(3) if there is concern about size-selective mortality on the distribution of length-at-age 
(Haddon & Helidoniotis, 2013). Mark-recapture studies using physical tags are another 
common technique used by researchers in the field to estimate growth of aquatic species 
(Lloyd-Jones et al., 2014). A variety of tagging procedures may be used e.g. abalone have been 
tagged with individually numbered plastic discs (a) attached to the shells via a nylon rivet to 
one of the respiratory pores (Prince, 1991), (b) attached by a spring backed tag to the outer 
growing edge of the abalones shell (Hart et al., 2013b), and (c) glued to the outside of the shell 
(Hansen & Gosselin, 2013; Hart et al., 2013b). In theory, mark-recapture studies allow the 
researcher to gain a better description of each individuals’ growth trajectory through time, 
improving growth estimates with the increasing number of growth snapshots through 
recaptures, and better allowing the influence of other variables on growth, covariates such as 
season, to be investigated (Lloyd-Jones et al., 2014). 
 Though various methods have been used to estimate the growth of aquatic animals, the 
most commonly used method is the von Bertalanffy growth equation (VBGE) (Hart et al., 
2013c). The VGBE fits well to many species and has three parameters: L–the asymptotic 
length; k–the relative growth rate to reach the asymptotic length; and t0–the theoretical age at 
length 0 (Table 1.1). This curve typically shows rapid juvenile growth before it slows as the 
individuals near their L (Figure 1.2b; Hordyk et al., 2015b). The estimation of juvenile 
abalone growth has led researchers to question the accuracy of the VBGE for abalone species, 
with Haddon et al. (2008) showing that for Blacklip Abalone (Haliotis rubra) in Tasmania, 
juvenile abalone growth from 10 to 70 mm shell length is linear and that the VBGE and 
Gompertz models did not provide the best fit to the data. This led to the development of the 
inverse-logistic growth model which incorporates constant growth rates for smaller juvenile 
size classes, and therefore gives a more realistic representation of the dynamics of abalone 
growth throughout all stages of their life history (Figure 1.2a; Helidoniotis et al., 2011). This 
model includes an additional parameter t3–the inflection point of the sigmoidal curve, which 
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represents the point of maximal growth (Table 1.1; Frazier & Wang, 2013). For the Blacklip 
Abalone of Tasmania, Prince (2005) showed that growth is better described by a sigmoidal 
curve such as the Gompertz model, or alternatively, with a piecewise fit with linear growth up 
to a von Bertalanffy curve describing adult growth. This fits those species where growth is 
slow in the early life-history stages and also slows at larger sizes. The Gompertz growth model 
has two additional parameters to those of the VGBE: k1–rate of exponential decrease of the 
relative growth rate with age; and t2–the theoretical initial relative growth rate at age zero 
(Table 1.1). Although not always the best fit for abalone growth data, the VBGE may still 
provide useful comparisons between studies given the extensive literature applying it to 
estimate the growth of fish and invertebrates (Katsanevakis & Maravelias, 2008; Helidoniotis 
et al., 2011). 
 
Table 1.1 Growth model equations commonly used in estimating growth in fisheries and their 
parameters for the von Bertalanffy, Gompertz, and Logistic growth models 
Growth model Equation Reference 
von Bertalanffy 𝐿(𝑡)  =  𝐿∞(1 −  ℯ
−𝑘(𝑡−𝑡1)) (Jennings et al., 2009) 
Gompertz 𝐿(𝑡)  =  𝐿∞exp(−ℯ
−𝑘1(𝑡−𝑡2)) (Katsanevakis & Maravelias, 2008) 
Logistic 𝐿(𝑡)  =  𝐿∞(1 +  ℯ
−𝑘(𝑡−𝑡3))−1 (Katsanevakis & Maravelias, 2008) 
𝐿𝑡 = length at age. 
𝐿∞ = asymptotic length (growth rate is theoretically zero). 
𝑘 = relative growth rate to the asymptotic length (year-1). 
𝑡1 = age when individual fish would have been zero length. 
𝑘1 = rate of exponential decrease of the relative growth rate with age (year
-1). 
𝑡2 = (𝐼𝑛 − 𝐼𝑛𝑘2)/𝑘2. The theoretical initial relative growth rate at age zero.  
 = theoretical initial relative growth rate at zero age (year-1). 
𝑡3 = the inflection point of the sigmoidal curve. 
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Figure 1.2 Generalised form of different growth curves (a) General form of the Logistic population 
growth curve over time showing the inflection point as the area of fastest growth rate 
(Tsikliras & Froese, 2018), (b) the standardised von Bertalanffy growth curves for “fish” 
with M/k ratios ranging from 0.3 to 2.3, and (c) a visual representation of the theoretical 
growth curves generated from the von Bertalanffy and Gompertz growth models (Doll & 
Jacquemin, 2019). On (b), The Beverton-Holt “Life-History Invariant” (BH-LHI) of M/k = 
1.5 is shown in bold (Hordyk et al., 2015b). Mean M/k for Greenlip Abalone = 0.55 (Prince 
et al., 2015) 
 
1.7 Sea ranching abalone in Flinders Bay 
In Flinders Bay, south-western Australia, Ocean Grown Abalone (OGA) have commercialised 
the first abalone sea ranching venture in Australia. Following suggestions by Hilborn (1998), 
OGAs sea ranching operation combines habitat enhancement, by the use of patented concrete 
structures (“Abitats”) that OGA construct and place on the seafloor within their ocean lease 
site in Flinders Bay. The Abitats are then stocked with aquaculture produced juvenile abalone. 
These structures effectively trap drift algae and provide shelter, whilst also providing a refuge 
for juvenile abalone to escape predation from octopus, stingray, fish and crab species 
(Greenwell, 2017), and have sufficient surface area for adult colonisation (Melville-Smith et 
al., 2017). Juvenile abalone are then transported from Bremer Bay to Augusta and seeded on 
the Abitats at a size of ~40 mm shell length (SL) (age ~6 months). They are left unattended 
until they are harvest at an average size of 130 mm SL and 350 g, ~3 years later (Melville et al 
2017). In the 2019/20 financial year, despite the impacts of COVID-19 on market conditions, 
OGA harvested 54.7 t of Greenlip Abalone (55 t in 2018/19) from their Abitats in Flinders Bay 
(B. Adams, OGA, 2020, pers. comm.). Currently OGA do not have any knowledge of potential 
variation in abalone growth rates across their 413 ha lease site containing 10,000 Abitats across 
21 lines, or estimates of individual abalone growth.  
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1.8 Aims of this study 
The research in this Thesis was developed in consultation with OGA to help further estimate 
and quantify the growth rates of abalone across their expanding sea ranching lease site in 
Flinders Bay, south-western Australia.  
The main aims of my research are to; 
(i) Investigate the growth rates in different areas (“lines”) of the sea ranching lease site 
and to understand the extent of variation in growth and the environmental variables, 
temperature and dissolved oxygen, likely to affect growth across the lease; 
(ii) Compare growth rates between the hatchery and ocean; 
(iii) Explore morphometric measurements for shell length:shell depth and shell length:shell 
width to determine whether they vary across the lease; and 
(iv) Investigate whether a mark laid down after moving abalone from the hatchery to the 
ocean environment (hatchery mark) provides a good estimate for the size at seeding 
and can be used to calculate the growth of harvested abalone. 
 
Small number of tagged abalone were also placed on artificial structures with different designs 
(“Flatpacks”) to see whether structure design influences growth. Note that the research in this 
Thesis was carried out in close association with OGA staff during their commercial fishing 
operations and as a consequence, it was not always possible to implement the optimal scientific 
design.  
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Chapter 2 Methods 
2.1 Study site 
Ocean Grown Abalone (OGA) currently hold a 413 ha lease site within Flinders Bay, Augusta, 
off south-west Australia (Figure 2.1), where they “ranch” Greenlip Abalone (Haliotis 
laevigata) on artificial habitats called “Abitats”. The southern part of Flinders Bay is 
characterised by fringing reefs colonised by macroalgae, particularly Ecklonia spp., and natural 
rocky reefs to the east and west of the lease sites, while the inner bay area, including the lease 
sites, have a soft sandy substratum interspersed with extensive seagrass beds (Melville-Smith 
et al., 2013). Although relatively protected, Flinders Bay is subjected to wind-driven 
circulation, with a predominant south-north current following the coastline during summer, 
with the reverse found in winter (Melville-Smith et al., 2017). In winter, stronger influxes from 
the Leeuwin Current ensure a warming of the typically cool waters. In the summer months, 
however, Flinders Bay is exposed to a prevalent southerly wind, slowing the Leeuwin Current 
and forcing a counter current close to shore known as the Cape’s Current (Melville-Smith et 
al., 2013). 
The OGA lease area is situated on flat sandy substratum interspersed with irregular 
patches of sea grass including Amphibolis antartica, Amphibolis griffithii, and Halophila 
ovalis, at water depths ranging from 15 to 19 m (Greenwell et al., 2019a). Previously described 
by Greenwell et al. (2019a) as an “outer” (most southern), “middle”, and “inner” lease, the 
outer lease was the largest, and oldest of the three, being deployed over the period from mid-
2014 to early-2015. Its inner boundary was 3.69 km from the nearest coastline (Cape Leeuwin), 
while the middle and inner leases were established by divers in mid-2015 and late-2015, 
respectively, between 2.46 km and 1.43 km from the nearest coastline (Melville-Smith et al., 
2013). The inner lease was ~0.20 km from the eastern boundary of the middle lease, and the 
outer lease was ~1 km south-west of the middle lease (Figure 2.1; Greenwell et al., 2019a). 
Now, however, OGA have amalgamated these three previous lease sites into a single 
rectangular block that encompasses the seafloor in the area of the three previous lease sites 
(Figure 2.1; Figure 2.3). 
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Figure 2.1 Satellite image (Landsat 2016) showing the original initial lease locations (inner, middle 
and outer, white rectangles), and the new amalgamation of the original leases (red 
rectangle), resulting in one 413 ha sea ranching lease for Greenlip Abalone (Haliotis 
laevigata) operated by Ocean Grown Abalone in Flinders Bay, south-western Australia. 
Inset denotes the location of Flinders Bay in Australia. Modified from Greenwell et al. 
(2019a) and Adams (OGA, 2020, pers. comm.). 
 
2.2 Lease configuration 
By the end of June 30 2019, OGA had 10,000 artificial habitats, or “Abitats”, deployed in 
Flinders Bay (B. Adams, OGA, 2020, pers. comm.). Abitats were designed to provide refuge 
for juvenile abalone and provide adequate surface area to maximise growth for adults on 
exposed areas. Each Abitat is constructed from concrete and has a base footprint of 1.4 m², 
with each unit having an available surface area of abalone habitat of 9.34 m² (Figure 2.2; OGA, 
2016). To maximise seeded abalone survival, Abitats are designed to prevent sand 
submergence and to trap algae by the water circulation generated within the Abitat (Melville-
Smith et al., 2017). The deployment of 10,000 Abitats over 413 ha accounts for < 1% of the 
seafloor contained within the lease area and potentially produces up to 200 t of abalone each 
year. OGA aim to keep stocking densities low to ensure enough feed (algal wrack drifting in 
water column) is available to the abalone to promote vigorous growth, low mortality and good 
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Figure 2.2 Artificial habitat (Abitat) constructed by OGA. Design allows for 9.34 m2 of suitable 
habitat for abalone to attach and grow (Melville-Smith et al., 2017). 
 
Prior to the expansion of the number of Abitats, they were arranged in a hierarchy of 
scales: six to eight Abitats made up a “reef”, 12 to 14 reefs made up a “bay”, and one to 13 
bays made up a “line” (Greenwell et al., 2019a). Currently, OGA is standardising the 
arrangement of Abitats, so each reef has 11 Abitats, and each bay has eight reefs per bay (i.e. 
88 abitats) (B. Adams, OGA, 2020, pers. comm.). The artificial reefs run perpendicular to the 
prevailing south-westerly swells (Figure 2.3), and are positioned adjacent to naturally 
occurring seagrass beds to best utilise drift algae, thus maximising food availability for 
abalone, who feed predominantly on epiphytic red algae attached to drifting seagrass and 
macroalgae (Melville-Smith et al., 2017) 
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Figure 2.3 Schematic layout of the current configuration of lines of Abitats within the single 413 ha 
lease site within the amalgamated three leases of the Greenlip Abalone, Halioits 
laevigata, sea ranching site at Flinders Bay, south-western Australia (B. Adams, OGA, 
2020, pers. comm.). The lines where tagged abalone were released onto Abitats are 
shown by green stars, where tagged abalone were released onto Flatpacks are shown in 
blue stars, and where miniDot loggers were deployed are shown in red circles. Note: not 
to scale. Sea ranch lease site measures 1.6 km by 3.6 km. 
 
2.3 Culture and seeding of Abitats 
Once positioned, Abitats are left for 6-8 weeks to condition them to the local environment and 
allow small algae to colonise their surfaces. They are then seeded with hatchery-reared juvenile 
abalone, provided by the OGA partner hatchery, 888 Abalone, based in Bremer Bay.  
Wild broodstock are collected in Flinders Bay, Augusta, by abalone divers using 
commercial fishery quotas as issued by the Department of Primary Industries and Regional 
Development (DPIRD, formerly the Department of Fisheries) during October and November 
(B. Adams, OGA, 2020, pers. comm.). Broodstock are then relocated to 888 Abalone’s land-
based hatchery in Bremer Bay, where they are induced to spawn. The resulting spat are grown 
in raceways for 18 months to two years to reach a shell length of ~40 mm (Figure 2.4), 
following standard abalone aquaculture protocols (Appendix 3; Daume & Ryan, 2004; Strain 
et al., 2006). 
This process of selecting abalone for transport from the hatchery to the ocean for release 
on Abitats is dependent on size rather than age. 888 Abalone run their spawning season from 
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mid-September to the end of November, and so each year class is assigned a November 1st 
birth date (J. Poad, 888 Abalone, 2020, pers. comm.). While spawning dates of nursery tanks 
are known, cohorts of abalone are not tracked closely during their time in the hatchery runways, 
as most tanks are seeded with a second cohort of abalone to allow for larval drop off from the 
shift from filtered and temperature controlled water to filtered sea water (J. Poad, 888 Abalone, 
2020, pers. comm.). Further to this, once moved from the nursery tanks to the grow out runways 
(Figure 2.4), abalone are graded depending on size and combined with similar sized abalone 
from other nursery tanks, which are graded again after 6 months, and then 5 months later (J. 
Poad, 888 Abalone, 2020, pers. comm.). At a size of ~40 mm, abalone are considered able to 
adapt to a natural macroalgal diet, display less cryptic behaviour, and are better able to 
withstand predator pressures through the development of their muscular foot, which allows 
them to clamp tightly to the Abitat’s surface (B. Adams, OGA, 2020, pers. comm.).  
Prior to release, abalone are held in onshore quarantine facilities at 888 Abalone for a 
minimum of two weeks, where they undergo disease testing and receive health certifications 
from DPIRD. Juvenile abalone are then packed into specially designed release units, each of 
which can hold ~200 abalone, before being transported to Augusta in oxygenated tanks, where 
they are loaded onto OGA commercial dive vessels and taken to the lease area for “seeding” 
on Abitats. Divers are used to secure the release units onto the specified Abitats, where they 
are left for the juvenile abalone to leave and colonise the Abitat over 3 - 4 weeks, before the 
release units are retrieved to be used again (B. Adams, OGA, 2020, pers. comm.). This marks 
the start of the natural ocean growth phase for the seeded abalone. 
Throughout the grow-out period, divers are deployed to maintain the Abitats by 
cleaning excessive epiphytic growth, removing predators (particularly octopus) and monitoring 
the abalone as they grow (Greenwell et al., 2019a). The monitoring involves counting all 
abalone and measuring shell lengths for 50 abalone from reference Abitats throughout the lease 
every six months (B. Adams, OGA, 2020, pers. comm.). They are harvested at an average size 
of 130 mm and 350 g, ~3 years after their release. During this time, abalone receive no 
supplementary feeding, as all nutritional requirements are obtained from the natural food in the 
surrounding environment (B. Adams, OGA, 2020, pers. comm.). 
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Figure 2.4 Raceways at 888 Abalone, Bremer Bay, where small Greenlip Abalone, Haliotis laevigata, 
are grown to ~40 mm shell length prior to their harvest and transport to Flinders Bay 
(images provided by Mark Wall). 
 
2.4 Tagging abalone 
In order to track individual growth of abalone seeded on the Abitats, they were tagged and 
measured for initial shell length (SL) and weight (WT) and then measured again at harvest. All 
tagged abalone were counted on their Abitats throughout the grow-out phase (Table 2.2).  
Abalone were tagged using numbered tags backed with a steel spring which is placed 
onto the growing edge of the shell with the number facing up (Hart et al., 2013b). These tags 
are specifically designed for use on shellfish, particularly abalone (Figure 2.5). Once tagged, 
abalone are ideally left for a minimum of 20 days in order for the shell to incorporate the tag’s 
spring by the abalone’s shell deposition process, securing the tag in place and helping to 
minimise tag loss (Hart & Strain, 2016). 
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Figure 2.5 Tag placement onto the growing edge of the Greenlip Abalone, Haliotis laevigata, shell 
during the grow-out phase at 888 Abalone in Bremer Bay. Blue shell shows the growth of 
abalone after transfer from sheltered growing conditions into open raceways (Image 
provided by Mark Wall, formerly OGA). 
 
Three separate cohorts of hatchery-reared abalone were tagged: one cohort was tagged 
in the 888 Abalone hatchery, 74 days before their transport and release; and two cohorts were 
tagged at the Flinders Bay marina, immediately before release. As tagging was carried out as 
part of commercial operations, it was only possible to complete one series of tagging that 
allowed time for the tag to be incorporated into the shell matrix before the abalone were 
released. The first cohort was tagged at 888 Abalone hatchery facility during the grow-out 
phase in the raceways on 16th June 2019 (Table 2.2). A total of 300 abalone were collected 
from each of the three raceways, measured for SL (nearest millimetre, using vernier calipers) 
and tagged, with a random sub-sample of 50 from each raceway also measured for WT to the 
nearest gram. Abalone were returned to the raceways for another 74 days before they were 
packed and transported to Flinders Bay on 28th August 2019, where tagged abalone were 
remeasured (SL and WT) before being deployed onto 8 reference Abitats along the Boranup 
line (Figure 2.3, Table 2.2) by OGA divers. A total of 871 abalone (~97%) survived the tagging 
procedure and transport from Bremer Bay to Augusta (Table 2.2), with ~120 abalone released 
onto seven of the Abitats on Boranup line (#56, 57, and 61 = 119, #61, 66, 67, and 71 = 120), 
while 34 abalone were released on one Abitats (#72, Table 2.1). 
The second tagging cohort were tagged on the 18th June 2019 at the Flinders Bay 
marina. A total of 499 abalone were tagged and measured (SL and WT) before being placed 
into release units (50 per unit with 150 untagged abalone) and deployed on the Abitats on the 
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Bears and Puerto line (Figure 2.3; Table 2.2) by OGA divers. On the Bears and Puerto lines, 
nine Abitats received 50 tagged abalone each, while one Abitat on the Puerto line received 49 
(#596, Table 2.1). 
The third tagging cohort was tagged on the 10th July 2019 following the protocol of the 
second cohort. A total of 500 abalone were tagged, measured (SL and WT) before being 
released on the AC1, Huzza and Mainbreak lines (Figure 2.3; Table 2.2) by OGA divers on 
different structures, termed “Flatpacks” (Figure 2.6). The different structures were developed 
to see whether they would increase growth and survival of seeded abalone and reduce the time 
taken for cleaning the structures of biofouling growth. Each Flatpack received 50 tagged 
abalone, except the Horizontal design at AC1, which received 100 (Table 2.1). The Flatpacks 
were named Flat, Horizontal, and Vertical, with their names representing the cut out refuges 
built into their structure: Flat-horizontal flat structure with no refuges; Horizontal- horizontal 
refuges; and Vertical-vertical refuges (Figure 2.6). 
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Table 2.1 Line, Abitat design or reference number and number of Greenlip Abalone, Haliotis 
laevigata, released onto the OGA sea ranching lease site in Flinders Bay, south-western 
Australia in 2019. 
Line Abitat design/reference number Numbers released 
Boranup 56 119 
 57 119 
 61 119 
 62 120 
 66 120 
 67 120 
 71 120 
 72 34 
Total  871 
Bears 326 50 
 327 50 
 328 50 
 329 50 
 330 50 
Total  250 
Puerto 595 50 
 596 49 
 597 50 
 598 50 
 599 50 
Total  249 
Mainbreak (Flatpacks) Horizontal 50 
 Vertical 50 
 Flat 50 
AC1 (Flatpacks) Horizontal 100 
 Vertical 50 
 Flat 50 
Huzza (Flatpacks) Horizontal 50 
 Vertical 50 
 Flat 50 








Figure 2.6 New Abitat designs (Flatpacks) trialled at AC1, Huzza and Mainbreak lines by OGA at the 
sea ranching lease site in Flinders Bay, south-western Australia. (a) is the Flat design, (b) 
is the Horizontal slat design, and (c) is the Vertical slat design.  
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2.5 Monitoring abalone 
Once seeded and established upon an Abitat, divers counted and measured the SL of tagged 
abalone at least twice for each cohort before harvesting, which took place between 226 to 337 
days in the ocean depending on line (Table 2.2), using the following procedure (Brad Adams, 
OGA, 2019 pers. comm.); 
1. Locate reference number for correct Abitats.  
2. Count all abalone on the reference Abitat. 
3. Count all abalone identified as juveniles. 
4. Count all tagged abalone. 
5. Count all abalone on Abitats in the reef either side of the reference Abitat. 
6. Measure all abalone that the callipers could access and record SL on slate. 
The proportion of tagged abalone that could be measured in situ of the total number of 
tags counted on an Abitat varied from 24% to 88% (Table 2.2) because of the difficulty in 
taking measurements in heavy swell conditions and abalone in inaccessible positions on the 
Abitats.  
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Table 2.2 Summary of the tagging and monitoring of tagged Greenlip Abalone, Haliotis laevigata, 
released on Abitats in different lines of the OGA ranch in Flinders Bay, south-western 
Australia. Number of abalone measured for shell length (SL) and wet weight (WT) are 











Dates of measurement 










Boranup #s 56, 
57, 61, 62, 66, 
67, 71, 72 
16/06/19 SL (899) 
WT (151) 
28/08/19 SL (871) 
05/11/19 SL (207) 
Count (470) 
28/02/20 SL (72) 
Count (297) 












326, 327, 328, 
329, 330 
Puerto 5 #s 
595, 596, 597, 
598, 599 
19/06/19 SL & WT (499) 
09/07/19 Count (156) 
18/12/19 SL (50) 
Count (94) 
28/02/20 SL (44) 
Count (86) 












10/07/19 SL & WT (500) 
26/11/19 SL (82) 
Count (106) 
28/02/20 SL (55) 
Count (62) 
     20/05/20 SL (60) 
WT (61) 
 
2.6 Laboratory measurements 
On 20th May 2020, OGA divers harvested a sample of the tagged abalone from Abitats 
(Table 2.3), storing all tagged abalone in a dive bag labelled with the Abitat number and 
returned to shore. The tagged abalone were packed with ice into styrofoam boxes before being 
transported by car to Murdoch University. 
The SL (Figure 2.7a) and WT of harvested abalone were measured at Murdoch 
University laboratories: SL to 0.1 mm using vernier callipers and WT to 0.1 g using A&D HF-
300g scales. Shell width (SW, Figure 2.7a) and shell depth (SD, Figure 2.7b) were also 
measured using vernier callipers. Each abalone foot was harvested and weighed to 0.1 g using 
A&D HF-300g scales (FW). Shells were cleaned for epiphytes (see below), and the width of a 
mark laid down after the abalone was transferred from the hatchery to the Abitats, termed the 
hatchery mark (HM, Figure 2.7c) was measured. This mark is recognised by a change in shell 
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colouration. The HM may allow the hatchery growth (greener inner shell colouring) to be 
distinguished from growth on the sea ranch growth (darker outer shell colouring).  
 
Table 2.3 The numbers of tagged abalone harvested and remaining on each Abitat on the OGA sea 
ranching lease site from the selected lines with the remaining tagged abalone from each 
Abitat for future research. (na = Abitat blocked with weed). Totals for each line and the 
different Abitats design (Flat, Horizontal and Vertical) are also shown.  
Abitat line Abitat Number 
Tagged abalone  
Harvested 20/5/20 Remaining 4/6/20 
Boranup 56 10 22 
 57 10 13 
 61 10 14 
 62 10 28 
 66 9 9 
 67 10 25 
 71 10 15 
 72 6 2 
Boranup Total  75 128 
Bears 326 5 4 
 327 4 na 
 328 4 0 
 329 4 0 
 330 5 2 
Bears Total  22 6 
Puerto 595 3 3 
 596 4 0 
 597 4 0 
 598 5 3 
 599 4 2 
Puerto Total  20 8 
Abitats Total  117 142 
AC1  Flat 10 5 
 Horizontal 9 1 
 Vertical 4 1 
Mainbreak Flat 4 0 
 Horizontal 5 3 
 Vertical 9 0 
Huzza Flat 6 0 
 Horizontal 9 0 
 Vertical 5 0 
Total    
Flat  20 5 
Horizontal  23 4 
Vertical  18 1 
Total abalone   178 152 
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(a)  (b)  (c) 
   
Figure 2.7 Images showing the shell length measurements taken from tagged Haliotis laevigata 
from the Ocean Grown Abalone sea ranching farm 2020. (a) Shell length (SL) and width 
(SW), (b) shell depth (SD), and (c) the hatchery mark (HM).  
 
2.7 Environmental data exploration and analysis 
The Department of Biodiversity, Conservation and Attractions (DBCA) have recorded water 
temperature data in Flinders Bay, south-western Australia since the introduction of the Ngari 
Capes Marine Park and provided data for the period from the 30th September 2014 to 24th 
September 2019. In addition, dissolved oxygen loggers (miniDOT, Precision Measurement 
Engineering, Vista, California) were deployed at five locations on the OGA lease to examine 
variation in temperature and dissolved oxygen (measure in ppm and% saturation) on the lines 
where tagged abalone were released (AC1, Bears, Boranup, and Huzza line–see later) and on 
one line, South Point line, which was removed in 2019 because of poor abalone growth (M. 
Wall, OGA, pers. comm.). Loggers were set to record temperature, dissolved oxygen and 
dissolved oxygen saturation data every 10 min. The miniDOT software calculates the 
percentage of dissolved oxygen saturation from dissolved oxygen solubility tables from the US 
Geological Survey based on equations published by Benson and Krause Jr (1980) (Maasri et 
al., 2019). Loggers were deployed by the OGA divers on the 20th March 2020, and four of the 
five loggers (all except logger 5, which was on the Huzza line) were retrieved on the 31st May 
2020, taken to Murdoch University and the temperature and oxygen data were downloaded. 
The oxygen probe on logger 2 (Bears line) appears to have malfunctioned, leaving data from 
three loggers on the South Point (logger 1), AC1 (logger 3), and Boranup (logger 4) lines.  
 The R statistical package (R Core Team, 2020) and packages “gt” (Iannone, 2020) and 
“ggplot2” (Wickham, 2016) were used to calculate descriptive statistics and visualise the 
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environmental data over the 72 days of logger deployment. Mean daily temperatures and 
dissolved oxygen values were calculated for all three loggers.  
 
2.8 Abalone data exploration and statistical analyses 
2.8.1 Size of abalone at seeding and at harvest 
To investigate variation in the size of abalone at seeding and at harvest, descriptive statistics, 
(e.g., mean, median, range, standard deviation) were calculated for variables SL and WT on 
each line at each measurement date. Shell length frequency distributions were also plotted for 
each cohort and each time that measurements were taken, including the length distributions 
measured at 888 Abalone in Bremer Bay, south-western Australia. 
A one-way analysis of variance (ANOVA) was used to determine whether the mean SL 
and mean WT of the abalone differed among lines at the time of seeding and at the time of 
harvest. Where statistically significant differences (P < 0.05) among lines were found, post-
hoc Tukey tests were carried out to determine which lines differed in mean SL or WT.  
 
2.8.2 Comparison of estimated growth rates among lines 
A variable number of tagged abalone were measured for shell length and weight from each of 
the four lines, Boranup, Flatpacks, Bears and Puerto (75, 60, 22, and 20, respectively) at the 
time of seeding and at the time of harvest to determine an estimated growth rate during their 
ocean growth phase. Though the harvest date was the same for all lines (20th May 2020), the 
time of seeding differed among lines. Abalone seeded on the Bears and Puerto lines on 19th 
June 2019 had 336 days of ocean growing time; those on the Flatpacks lines (seeded 10th July 
2019) had 318 days of ocean growth; and those on the Boranup line (seeded 28th August 2019) 
had 226 days. Individual abalone growth rates were calculated by finding the increase in 
growth during the time in the ocean (= harvest SL–seeding SL, same for WT), and dividing by 
the number of days in the ocean to calculate a daily growth rate. A 30 d growth rate, hereafter 
referred to as “monthly growth”, was calculated by multiplying the daily growth by 30. 
Differences in mean daily growth rates for SL and WT among lines were tested using a one-
way ANOVA. 
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2.8.3 Comparison of hatchery and ocean growth rates  
A total of 74 abalone, tagged at 888 Abalone on 16th June 2019 were measured for SL, and 17 
of these 74 for WT at three time intervals: in the hatchery (16th June, 2019), at the Flinders Bay 
marina prior to release (28th August, 2019), and at harvest (20th May, 2020). The 28th August 
measurement represented both the end of the hatchery growth phase and the beginning of the 
ocean growth phase. The growth rate of the abalone was calculated for each phase (hatchery, 
ocean) by calculating the total growth in each phase and dividing this by the number of days. 
Monthly growth over 30 d was calculated from the daily growth. Differences in individual 
growth rates between the hatchery and in the ocean were tested using a paired T-test.  
 
2.8.4 Length-weight relationship during ocean phase 
The relationship between SL and WT was plotted after both were log-transformed and the 
relationship on the log scale estimated using linear regression. The linear model can be 
expressed as 
𝑙𝑜𝑔𝑒  (𝑊𝑇𝑖) =  𝛽0 +  𝛽1 𝑙𝑜𝑔𝑒(𝑆𝐿𝑖) +  𝜖𝑖  
where 𝑊𝑇𝑖 denotes total WT, 𝑆𝐿𝑖 denotes SL, and 𝜖𝑖 ~𝑁 (0, 𝜎
2) is the error term for some 
constant measure of variability 𝜎2. 
 
2.8.5 Morphometric of harvested abalone 
Descriptive statistics were calculated for the measurements of harvested abalone morphometric 
on each line, and a Pearson correlation test was used to estimate the linear correlation between 
the following measurements at the time of harvest: SL, SW, SD, WT, FW. Diagnostic plots of 
the relationships between these morphometric measurements all suggested they are linear and 
bivariate normal. The ratios of SL:SD and SL:SW were determined to assess the utilisation of 
this ratio as morphometric marker to differentiate growth among lines (Saunders et al., 2008).  
A one-way ANOVA was used to determine whether the mean SL:SD and SL:SW ratios 
of the abalone differed among lines at the time of harvest. Where statistically significant 
differences (P < 0.05) among lines were found, post-hoc Tukey tests were carried out to 
determine which lines differed in their mean SL:SD or SL:SW ratio. 
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2.8.6 Hatchery mark as an indicator of size at seeding  
To see how effective the post-harvest HM is at indicating SL at seeding, a linear model of the 
form 
𝑆𝐿𝑖 =  𝛽0 + 𝛽1𝐻𝑀𝑖 +  𝜖𝑖  
was fit where 𝑆𝐿𝑖 denotes SL at seeding for abalone i, 𝐻𝑀𝑖 denotes HM, and 𝜖𝑖  ~𝑁 (0, 𝜎
2) is 
the error term for some constant measure of variability 𝜎2. 
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Chapter 3 Results 
3.1 Environmental conditions 
Water temperature from DBCA between 2014 and 2019 ranged from a maximum of 22 °C in 
February 2015 to a minimum of 16 °C in September 2016 (Figure 3.1). Typically, temperatures 
were above 20 °C from January until May, and below 18 °C from June to December (Figure 
3.1). Large changes in temperatures were recorded within a week in a number of cases, with a 




Figure 3.1 Daily mean water temperatures (°C) recorded from Flinders Bay, south-western Australia, 
from 30th September 2014 to 24th September 2019. Data provided by the Department 
of Biodiversity, Conservation and Attractions. 
 
The mean daily water temperatures from the 3 deployed loggers were typically above 
20 °C, with some periods of up to 7 days when they declined by ~1 °C and ranged from 20 °C 
in mid-May to 19.2 °C in late May (Figure 3.2a). The mean daily dissolved oxygen ranged 
from 7.55 ppm in early May to 6.39 ppm in mid-May (Figure 3.2b) and the percentage 
saturation of dissolved oxygen was always greater than 86% and was typically above 90% 
during this period (Figure 3.2c).  
 




Figure 3.2 Daily mean (a) temperature (°C) (b) dissolved oxygen (ppm) and (c) dissolved oxygen 
saturation (%) from the three loggers deployed on the Ocean Grown Abalone sea 
ranching lease site in Flinders Bay, south-western Australia from 20th March 2020 to 31st 
May 2020.  
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Water temperature data recorded from the three loggers deployed in Flinders Bay 
between 20th March 2020 and 31st May 2020 followed a similar pattern at each site (Figure 
3.3a). All three loggers began by recording a decline in temperature of ~1 °C after the 20th 
May, followed by a rise in temperature of ~1 °C around the 8th April and then a decline of the 
same magnitude around 2 weeks later (Figure 3.3a). Another rise in water temperature was 
recorded for the AC1 and Boranup line of around 1 °C at the end of April (Figure 3.3a). Water 
temperatures were consistently higher in March than May, which had the most variation in 
temperature (Figure 3.3a). Dissolved oxygen was always above 6 ppm, with the minimum 
values recorded on the South Point and AC1 line in late May (Figure 4.3a). The lowest 
dissolved oxygen saturation recorded was 85% on the AC1 and Boranup lines on 25th April, 
which persisted for several days (Figure 3.3b, 3.3c). Dissolved oxygen increased by ~1 ppm in 
mid-May on all lines and dissolved oxygen saturation was greater than 100% at this time 
(Figure 3.3b, 3.3c). 
 




Figure 3.3 Individual logger data for (a) temperature (°C) (b) dissolved oxygen (ppm) and (c) 
dissolved oxygen saturation (%) recorded every 10 minutes from the Ocean Grown 
Abalone sea ranching lease site in Flinders Bay, south-western Australia from 20th March 
2020 to 31st May 2020.  
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3.2 Size of abalone at seeding 
The mean sizes of Greenlip Abalone (Halioits laevigata) seeded on the Bears and Puerto lines 
in June 2019 were ~42 mm SL (range: 24 to 62 mm), with a mean WT of ~11 g (range: 2 to 
30.5 g, Table 3.1). The mean size of abalone seeded on the Flatpacks in July 2019 was ~6 mm 
longer (48.1 mm) and 3.5 g heavier (14.4 g) than those on Bears and Puerto (Table 3.1). The 
longest and heaviest abalone at seeding were those held in the hatchery for ~10 weeks after 
tagging and then placed on the Boranup line in August 2019 when their mean SL was 51.9 mm 
and mean WT was 18.9 g (Table 3.1), nearly 10 mm longer and 9 g heavier than those seeded 
on Bears and Puerto. 
The SL distributions of abalone at the time of seeding appear to be approximately 
normally distributed (Figure 3.4). The coefficients of variation (CV), representing the ratio of 
the standard deviation to the mean of the distribution, for SL ranged from 11% to 16%, while 
the CV for WT at seeding were much greater, ranging from 31% to 48% (Figure 3.4). 
 
Table 3.1 Summary of descriptive statistics of tagged Greenlip Abalone, Haliotis laevigata, shell 
length (mm) and weight (g) immediately prior to seeding on the Ocean Grown Abalone sea 
ranch in Flinders Bay, south-western Australia in 2019. CV is%. 
Line Date n Mean Std.Dev Median Min Max Range SE CV 
a) Shell length (mm) 
Bears 6th June 250 42.48 6.59 42.00 26.00 62.00 36.00 0.42 16 
Puerto 19th July 249 42.19 6.50 42.00 24.00 60.00 36.00 0.41 15 
Flatpacks 10th July 500 48.06 5.37 48.00 35.00 69.00 34.00 0.24 11 
Boranup 28th August 871 51.86 5.71 52.00 34.00 69.00 35.00 0.19 11 
b) Weight (g) 
Bears 6th June 250 10.96 5.30 9.50 2.50 30.50 28.00 0.34 48 
Puerto 19th July 249 10.97 4.85 10.00 2.00 29.00 27.00 0.31 44 
Flatpacks 10th July 500 14.48 4.55 14.00 4.00 34.00 30.00 0.20 31 
Boranup 28th August 871 18.89 5.94 18.00 7.00 40.00 33.00 0.20 31 
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Figure 3.4 Shell length frequency distributions of Greenlip Abalone, Haliotis laevigata, from four 
lines (a) Boranup, (b) Puerto, (c) Flatpacks, and (d) Bears, on the OGA sea ranching 
operation in Flinders Bay, south-western Australia at the time of seeding (grey) and 
harvest (black). Flatpack = new designs at Huzza, Mainbreak, and AC1 lines. Days in the 
ocean were, Boranup = 266, Puerto and Bears = 337, Flatpacks = 315. 
 
One-way ANOVAs showed that both mean SL and mean WT at seeding differed 
significantly among the four lines (P < 0.0001, Table 3.2). Post-hoc Tukey tests showed 
significant differences in both SL and WT between all lines, except Puerto and Bears (P = 
0.947 and P = 1.00 respectively, Table 3.2). The largest significant difference in mean SL 
between lines was between Puerto and Boranup (9.7 mm), followed closely by the difference 
between Boranup and Bears lines (9.4 mm, Table 3.2). The smallest significant difference in 
mean SL change was between the Flatpack and Boranup lines (3.8 mm, Table 3.2). Mean WT 
differed most between Boranup and Bears and between Puerto and Boranup lines (~7.9 g), with 
the smallest significant difference in mean WT between the Puerto and Flatpack lines (3.51 g, 
Table 3.2). 
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Table 3.2 Summary of results from one-way ANOVA to test for differences in the mean a) shell length 
(mm) and b) weight (g), for Greenlip Abalone, Haliotis laevigata, among lines at the time 
of seeding abalone on the Ocean Grown Abalone sea ranch in Flinders Bay, south-western 
Australia. Tukey test results for pair-wise comparisons between lines are also shown. df = 
degrees of freedom.  








a) Shell length at seeding 
Line 3 9607 280 <0.0001  
Error 1866 34    
Total 1869 9641    
Tukey comparisons (mm) 
Boranup–Bears    <0.0001 9.38 
Flatpacks–Bears    <0.0001 5.58 
Puerto–Bears    0.9470 0.29 
Flatpacks–Boranup    <0.0001 3.80 
Puerto–Boranup     <0.0001 9.67 
Puerto–Flatpacks    <0.0001 5.87 
b) Weight at seeding 
Line 3 6929 240 <0.0001  
Error 1866 29    
Total 1869 6958    
Tukey comparisons (g) 
Boranup–Bears    <0.0001 7.93 
Flatpacks–Bears     <0.0001 3.53 
Puerto–Bears    1.0000 0.01 
Flatpacks–Boranup     <0.0001 4.41 
Puerto–Boranup    <0.0001 7.92 
Puerto–Flatpacks    <0.0001 3.51 
 
3.3 Size of abalone at harvest 
The mean SL of the abalone harvested from the Bears line in May 2020 was 67.6 mm SL 
(range: 44.1 to 84.1 mm), and the mean WT was 38.48 g (range: 13.2 to 68.4 g, Table 3.3). 
The mean SL of abalone harvested from the Puerto line was very similar (67.7 mm, range: 55.1 
to 77.5 mm) to that from Bears, while the mean WT was ~3 g less than Bears, making them 
the lightest line of abalone at harvest (Table 3.3). The mean SL of abalone harvested from the 
Boranup line were ~2 mm longer (69.8 mm, range: 54.1 to 82.7 mm) and 3 g heavier (14.4 g, 
range: 16.1 to 60.8 g) than those on Puerto (Table 3.3). The longest and heaviest abalone at 
harvest were from the Flatpack designs at Huzza, Mainbreak and AC1 lines, with a mean SL 
of 71.3 mm (range: 54.6 to 83.1 mm) and mean WT of 38.92 g (range: 19.8 to 60.4, Table 3.3), 
nearly 4 mm longer and 3 g heavier than those seeded on the Puerto line.  
 The SL distributions of abalone at the time of harvest appear to be approximately 
normally distributed, though small sample sizes, particularly from the Bears and Puerto lines, 
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make the distribution less regular than those at the time of seeding (Figure 3.4). The CV for 
shell length ranged from 8% to 13%, while CV for weights at harvest were much greater, 
ranging from 24 to 35% (Table 3.3). 
 
Table 3.3 Summary of descriptive statistics of tagged Greenlip Abalone, Haliotis laevigata, shell 
length (mm) and weight (g) at the time of harvest from the Ocean Grown Abalone sea 
ranch in Flinders Bay, south-western Australia on the 20th May, 2020. CV is%. 
Line n Mean Std.Dev Median Min Max Range SE CV 
a) Shell length (mm) 
Bears 22 67.63 8.87 67.50 44.10 84.10 40.00 1.89 13 
Puerto 20 67.67 6.43 69.50 55.10 77.50 22.40 1.44 10 
Flatpacks 61 71.30 5.99 71.10 54.60 83.10 28.50 0.77 8 
Boranup 75 69.77 6.65 70.30 54.10 82.70 28.60 0.77 10 
b) Weight (g) 
Bears 22 38.48 13.61 34.70 13.20 68.40 55.20 2.90 35 
Puerto 20 35.51 9.70 35.65 19.70 61.20 41.50 2.17 27 
Flatpacks 60 38.92 9.17 38.30 19.80 60.40 40.60 1.18 24 
Boranup 75 38.14 10.44 38.10 16.10 60.80 44.70 1.21 27 
 
In contrast to the one-way ANOVA results for measurements at the time at seeding, 
neither the mean SL nor mean WT differed significantly among lines at the time of harvest, 
though the results for SL were close to statistically significant (P = 0.066, Table 3.4).  
 
Table 3.4 Summary of results from a one-way ANOVAs to test for differences in the mean a) shell 
length (mm) and b) weight (g), for Greenlip Abalone, Haliotis laevigata, between lines at 
time of harvest on the Ocean Grown Abalone sea ranch in Flinders Bay, south-western 
Australia. df = degrees of freedom.  
Source of variation / Paired comparison df Mean squared F P 
a) Shell length at harvest 
Line 3 110.2 2.44 0.066 
Error 174 45.2   
Total 177 155.4   
b) Weight at harvest 
Line 3 59.2 0.55 0.650 
Error 173 108.2   
Total 176 167.4   
 
3.4 Comparison of estimated growth rates among lines 
After growth was standardised for days in the water, the individual growth rates of tagged 
abalone between lines during their ocean growth phase on Abitats in Flinders Bay were very 
similar (Figure 3.5, Table 3.5). Note that although the black line on Figure 3.5 of growth during 
the ocean phase represents a mean growth rate across all lines, it is biased toward the Boranup 
and Flatpack lines due to larger sample sizes for these lines (Table 3.5). Individual growth rates 
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in SL and WT followed a very similar trajectory for all four lines with slopes for each line 
similar to the overall trend. 
Mean growth rate in SL ranged from 2.189 mm month-1 on Flatpacks to 
2.444 mm month-1 on the Puerto line, with intermediate growth on the Bears and Boranup lines 
(~2.3 mm month-1, Table 3.5). Mean growth in WT ranged from 2.289 g month-1 (Puerto) to 
2.533 g month-1 (Bears, Table 3.5). ANOVAs showed that mean growth rates in SL and WT 
did not differ significantly among lines during their ocean growth phase showed no significant 
difference among lines for either (SL: P = 0.17, WT: P = 0.42, Table 3.6). 
 
Table 3.5 Mean shell length and weight (± SE) growth rate changes per day and per month for each 
line, along with total numbers and total days in the water during the ocean growth phase 
for the Greenlip Abalone, Haliotis laevigata, seeded onto the Ocean Grown Abalone sea 
ranching site in Flinders Bay, south-western Australia. 
Line n 
Ocean growth rate 
Per day Per month 
a) Shell length (mm)    
Puerto 20 0.08147 ± 0.002748 2.4442 ± 0.0825 
Bears 22 0.07777 ± 0.003764 2.3332 ± 0.1129 
Boranup 75 0.07693 ± 0.002006 2.3078 ± 0.0602 
Flatpacks 60 0.07295 ± 0.001844 2.1885 ± 0.05533 
b) Weight (g)    
Puerto 20 0.07629 ± 0.004208 2.2888 ± 0.1262 
Bears 22 0.08442 ± 0.006154 2.5325 ± 0.1846 
Boranup 75 0.08293 ± 0.003524 2.4878 ± 0.1057 
Flatpacks 60 0.07675 ± 0.002783 2.3025 ± 0.0834 
 





Figure 3.5 Individual changes in a) shell length (mm) and b) weight (g) for Greenlip Abalone, Haliotis 
laevigata, during their ocean growth phases (grey lines and dots), with overlaid lines of 
best fit for all lines (Boranup = red, Puerto = blue, Flatpacks = light blue, Bears = green), 
as well as the black line representing the average growth trajectories of all abalone in 
their ocean growth phase combined.  
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Table 3.6 Summary of results from one-way ANOVAs to test for differences in the mean a) shell 
length (mm) and b) weight (g), for Greenlip Abalone, Haliotis laevigata, between lines 
during the ocean growth phase on the Ocean Grown Abalone sea ranch in Flinders Bay, 
south-western Australia. df = degrees of freedom. 
Source of variation / Paired comparison df Mean squared F P 
a) Shell length 
Line 3 0.000428 1.69 0.17 
Error 174 0.000253   
Total 177 0.000681   
b) Weight 
Line 3 0.000656 0.94 0.42 
Error 173 0.000697   
Total 176 0.001353   
 
3.5 Comparison of hatchery and ocean growth rates 
The individual SL growth of 74 tagged abalone in the hatchery for 73 d and in the ocean for 
266 days followed a very similar trajectory and did not appear to change between hatchery and 
ocean (Figure 3.6). The mean growth rate in the hatchery of 2.127 mm month-1 SL and 
2.442 g month-1 WT was slightly greater than the mean in the ocean of 1.964 mm month-1 SL 
and 2.060 g month-1 WT (Table 3.7). Note that relatively few abalone were available for the 
comparison of individual growth in WT between the hatchery and ocean. The results from a 
paired T-test showed that mean growth rates did not differ significantly between the hatchery 
and ocean for either SL or WT (SL: T73 = 1.3, P = 0.21; WT: T16 = 1.4, P = 0.17, Table 3.7). 
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Figure 3.6 Individual changes in shell length for 74 tagged Greenlip Abalone, Haliotis laevigata, 
measured at the beginning and end of their hatchery and ocean growth phases (Grey 
lines and dots). Black line represents the average growth trajectories of all 74 tagged 
abalone for the hatchery and ocean phases of growth.  
 
Table 3.7 Calculated mean shell length and weight growth rates (± 1 SE) for tagged Greenlip Abalone, 
Haliotis laevigata, adjusted for days spent during each of their hatchery and Abitat ocean 
growth phases. Per month mean growth is for 30 days. Shell length n = 74, weight n = 17. 
Growth measure Location 
 Hatchery Ocean 
a) Shell length (mm)   
Per day 0.0709 ± 0.0137 0.0665 ± 0.0067 
Per month  2.1270 ± 0.4119 1.9642 ± 0.2021 
b) Weight (g)   
Per day 0.0814 ± 0.0075 0.0687 ± 0.0271 
Per month  2.4416 ± 0.2242 2.0599 ± 0.8141 
 
3.6 Length-weight relationship during ocean growth phase 
The relationship between the SL and WT has been represented in both the untransformed and 
transformed data (Figure 3.7a, 3.7b). The relationship for the log transformed data during the 
ocean growth phase was 
log(WT) = -7.72 + 2.687 x log(SL) 
and was highly significant (P < 0.0001, R2 = 0.93, n = 2,047, Figure 3.7b), with SL accounting 
for 93.1% of the variation in WT. From this relationship, the predicted WT of abalone at SL of 
40, 60, and 80 mm are (95% confidence limit [CL]) 8.8 g (6.7 - 11.4 g), 26.2 g (20.2 - 34.0 g), 
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and 56.7 g (43.7 - 73.5 g) respectively. If this growth rate is maintained at larger sizes, at shell 
lengths of 100 mm and 130 mm, the predicted total weights of abalone are 103.1 g (79.4–
133.9 g), and 208.5 g (160.5–271.0 g) respectively. (Note: caution should be taken with these 





Figure 3.7 The relationship between a) shell length and weight and b) log-transformed shell length 
and log-transformed weight for Greenlip Abalone, Halioits laevigata, on Ocean grown 
Abalones sea ranching lease site in Flinders Bay, south-eastern Australia. For b) the 
estimated regression equation and line of best fit (blue) are shown, as well as the 
coefficient of determination (R2). 
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3.7 Morphometric data of harvested abalone 
The mean shell width (SW) of abalone harvested from the Puerto line in May 2020 was 
51.8 mm (range: 43.2 to 63.1 mm, Table 3.8). The mean SW of abalone from the Bears and 
Boranup lines in May 2020 was ~2 mm wider (~53 mm) with both lines having larger ranges 
(Bears: 36 - 67.5 mm, Boranup: 40.1 - 63.50 mm, Table 3.8). The widest shells at harvest were 
those from abalone from the Flatpack lines, with a mean SW of 54.1 mm (range: 39.9 to 
64.7 mm), ~3 mm wider than the Puerto line (Table 3.8). The CV for SW ranged from 9% to 
15% (Table 3.8). The mean shell depth (SD) of abalone at harvest from all lines in May 2020 
were ~14 mm (range: ~9 to ~20 mm, Table 3.8). The CV for mean SD ranged from 14% to 
21% (Table 3.8). 
 The mean foot weight (FW) harvested from the Puerto, Flatpack and Boranup lines in 
May 2020 was ~12 g (range: ~5 to ~20 g, Table 3.8). The mean FW of abalone harvested from 
the Bears lines in May 2020 was ~1 g heavier (13.4 g), and had a broader range (3.6 to 23.8 g), 
than the other lines (Table 3.8). The CV for mean FW ranged from 27% to 36% (Table 3.8). 
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Table 3.8 Summary of descriptive statistics of Greenlip Abalone, Haliotis laevigata, shell 
morphometric measurements for all lines after harvest on 20th May 2020 from the Ocean 
Grown Abalone sea ranching farm in Flinders Bay, south-western Australia. CV is%. 
 
All correlations between the morphometric measures were highly significant (P < 0.0001, n = 
177, Figure 3.9) and positive. Though all relationships display a positive correlation, the 
strongest was between FW and WT, which had a correlation coefficient (r) of 0.95, indicating 
a very strong relationship between these two variables. The weakest correlation was between 
SD and SL, with an r = 0.68 (Figure 3.9). WT is the variable that is most consistently strongly 
associated with other morphometric variables, while SD consistently has the weakest 
association with other morphometric variables(Figure3.9).  
Line n Mean Std.Dev Median Min Max Range SE CV 
a) Shell length (mm) 
Bears 22 67.63 8.87 67.50 44.10 84.10 40.00 1.89 13 
Puerto 20 67.67 6.43 69.50 55.10 77.50 22.40 1.44 10 
Flatpacks 61 71.30 5.99 71.10 54.60 83.10 28.50 0.77 8 
Boranup 75 69.77 6.65 70.30 54.10 82.70 28.60 0.77 10 
b) Shell width (mm) 
Bears 22 53.15 7.72 52.65 36.00 67.50 31.50 1.65 15 
Puerto 20 51.79 5.86 51.85 43.20 63.10 19.90 1.31 11 
Flatpacks 61 54.12 5.09 54.50 39.90 64.70 24.80 0.65 9 
Boranup 75 53.54 5.43 54.10 40.10 63.50 23.40 0.63 10 
c) Shell depth (mm) 
Bears 22 13.98 2.72 13.90 9.60 19.40 9.80 0.58 19 
Puerto 20 13.52 2.78 13.20 9.40 21.20 11.80 0.62 21 
Flatpacks 61 13.91 2.31 14.10 9.10 19.10 10.00 0.30 17 
Boranup 75 14.44 2.07 14.30 8.70 19.40 10.70 0.24 14 
d) Weight (g) 
Bears 22 38.48 13.61 34.70 13.20 68.40 55.20 2.90 35 
Puerto 20 35.51 9.70 35.65 19.70 61.20 41.50 2.17 27 
Flatpacks 60 38.92 9.17 38.30 19.80 60.40 40.60 1.18 24 
Boranup 75 38.14 10.44 38.10 16.10 60.80 44.70 1.21 27 
e) Foot weight (g) 
Bears 22 13.39 4.80 12.90 3.60 23.80 20.20 1.02 36 
Puerto 20 11.99 3.67 11.70 5.40 21.60 16.20 0.82 31 
Flatpacks 61 12.08 3.27 11.80 5.50 20.00 14.50 0.42 21 
Boranup 75 11.38 3.64 11.20 4.30 19.60 15.30 0.42 32 
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Figure 3.9 Summary of morphometric Pearson correlation analysis of Greenlip Abalone, Haliotis 
laevigata, at the time of harvest in May 2020 from the Ocean Grown Abalone sea 
ranching site in Flinders Bay, south-western Australia. Bottom left panels show pairwise 
scatterplot of morphometric variables, showing the positive linear trends in all 
relationships. Top right panels show the correlation coefficient (r) for each pairwise 
association. For all correlations calculated, P < 0.0001, n = 177. 
 
The mean shell length:shell depth (SL:SD) ratio of abalone at the time of harvest in 
May 2020 ranged from 4.88 on the Boranup line to 5.22 mm on the Flatpacks line (Figure 
3.10). The mean shell length:shell width (SL:SW) ratio of abalone ranged from only 1.28 
(Bears) to 1.32 (Flatpacks, Figure 3.10). Both the mean SL:SD and SL:SW ratios differed 
significantly among lines (SL:SD: P = 0.016, SL:SW: P = 0.0097) with the Tukey tests 
identifying that both ratios were significantly higher on the Flatpacks line (Table 3.9). The 
mean SL:SD ratio was 0.34 mm smaller on the Boranup than Flatpacks (P = 0.014), and the 
SL:SW ratio was 0.044 mm smaller on Bears (P = 0.005).  
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a) b) 
  
Figure 3.10 Boxplots showing the a) shell length to shell depth (SL:SD) and b) shell length and shell 
width (SL:SW) ratios for all Greenlip Abalone, Haliotis laevigata, measured at the time of 
harvest (20th May 2020) from the OGA sea ranching lease site in Flinders Bay, south-
western Australia. 
 
Table 3.9 Summary results from a one-way ANOVA to test for difference in the mean a) shell 
length:shell depth and b) shell length:shell width ratios (mm) for Greenlip Abalone, 
Haliotis laevigata, among lines at the time harvest on the Ocean Grown Abalone sea 
ranch in Flinders Bay, south-western Australia. Tukey test results for pair-wise 
comparisons between lines are also shown. df = degrees of freedom.  








a) Shell length:shell depth      
Line 3 1.448 3.54 0.016  
Error 174 0.409    
Total 177 1.857    
Tukey comparisons     (mm) 
Bears–Boranup    0.994 0.041 
Flatpacks–Bears    0.250 0.295 
Puerto–Bears    0.659 0.227 
Flatpacks–Boranup    0.014 0.336 
Puerto–Boranup     0.345 0.268 
Flatpacks–Puerto    0.976 0.068 
b) Shell length:shell width      
Line 3 0.01076 3.92 0.0097  
Error 174 0.00275    
Total 177 0.01351    
Tukey comparisons     (mm) 
Bears–Boranup    0.096 -0.030 
Flatpacks–Bears    0.005 0.044 
Puerto–Bears    0.142 0.035 
Flatpacks–Boranup    0.364 0.015 
Puerto–Boranup     0.978 0.005 
Flatpacks–Puerto    0.900 -0.009 
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3.8 Hatchery mark as an indicator of size at seeding 
The mean length of the hatchery mark (HM) on abalone harvested from the Puerto line in May 
2020 was 42.03 mm (range: 32.2 to 55.3 mm), and this was closest to the mean measured SL 
at the size of seeding, ~0.16 mm smaller than the mean SL (42.19 mm, Table 3.10). The largest 
difference between the mean HM at harvest and mean SL at seeding was 4.21 mm on the 
Boranup line (Table 3.10). The CV for the hatchery marks ranged from 11% to 16%, the same 
range as those for the measured shell lengths at seeding (Table 3.10). 
 
Table 3.10 Summary of descriptive statistics of a) hatchery mark at harvest and b) shell length at 
seeding for Greenlip Abalone, Haliotis laevigata, from the Ocean Grown Abalone sea 
ranching operation in Flinders Bay, south-western Australia. CV is%. 
Line Date n Mean SE Median Min Max Range CV 
a) Hatchery mark (mm) at harvest 
Bears 2020-05-20 22 42.70 1.45 41.60 24.10 55.20 31.10 16 
Boranup 2020-05-20 75 47.65 0.69 47.40 36.10 65.90 29.80 12 
Flatpack 2020-05-20 61 49.30 0.67 48.90 38.70 63.40 24.70 11 
Puerto 2020-05-20 20 42.03 1.31 39.70 32.20 55.30 23.10 14 
b) Shell length (mm) at seeding 
Bears 2019-06-19 250 42.48 0.42 42.00 26.00 62.00 36.00 16 
Boranup 2019-08-28 871 51.86 0.19 52.00 34.00 69.00 35.00 11 
Flatpack 2019-07-10 500 48.06 0.24 48.00 35.00 69.00 34.00 11 
Puerto 2019-06-19 249 42.19 0.41 42.00 24.00 60.00 36.00 15 
 
The SL at seeding was linearly related to the HM by the following equation 
SL = 10.16 + 0.81(HM) 
 which was highly significant (P < 0.001, n = 178), with HM accounting for 50.6% of the 
variation in SL at seeding (Figure 3.11). From this relationship, the predicted SL of abalone at 
seeding from a HM of 30, 40, and 50 mm at harvest are (95% confidence limit [CL]) 34.5 mm 
(24.2–44.7 mm), 42.6 mm (32.5–52.7 mm), and 50.7 mm (40.6–60.8 mm) respectively. 
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Figure 3.11 The relationship between hatchery mark (HM) and shell length (SL) at the time of seeding 
for Greenlip Abalone, Haliotis laevigata, on OGAs sea ranching site in Flinders Bay, south-
western Australia. Blue line corresponds to the fitted line with dashed blue lines showing 
the 95% confidence interval.  
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Chapter 4 Discussion 
This Thesis provides the first quantitative estimates of individual Greenlip Abalone (Haliotis 
laevigata) growth within the sea ranching lease site run by Ocean Grown Abalone (OGA) in 
Flinders Bay, south-western Australia. It compared growth rates across lines of Abitats within 
the lease and different designs of artificial structures, as well as growth rates in the hatchery 
environment of 888 Abalone in Bremer Bay, ~370 km east of Flinders Bay, with that in the 
ocean. It also determines the shell length-weight relationship for juvenile abalone and the 
relationships for different morphometric measurements. Finally, a measurement of a mark laid 
down at the time of transferring abalone from the hatchery to the ocean was measured and 
compared to the shell length at seeding for each individual abalone.  
 
4.1 Variation in growth and environmental conditions among lines 
The individual growth rates of abalone on the OGA sea ranch did not differ among the three 
lines and the different designs of artificial structure, nor did the dissolved oxygen and water 
temperature recorded by loggers at three locations on the lease appear to differ. These locations 
are separated by a distance of 2.4 km between South Point and Boranup, 2 km between South 
Point and AC1, and 0.5 km between AC1 and Boranup (Figure 2.3). The growth of abalone 
has been described as extremely plastic, and able to adjust to a wide range of environmental 
conditions (Prince, 2003), which can vary at scales of individual reef systems. Abalone 
populations show significant variation in growth between and among wild populations, with 
some stunted and fast growing “populations” found within all abalone fisheries (Wells & 
Mulvay, 1995). Environmental conditions and food availability are causes of this variation in 
abalone shell growth forms, with stunted abalone characterised by a smaller body with shorter 
shells that are higher, wider and thicker compared to faster growing (non-stunted) abalone on 
adjacent reefs (Wells & Mulvay, 1995; Prince, 2005; Saunders et al., 2009). Growth for 
Greenlip Abalone on the four lines and different Abitat structures appears to be homogenous 
across the OGA sea ranching lease site, with the average shell length growth rate being 
2.318 mm month-1, and the average total weight growth rate being 2.403 g month-1. At this 
shell length growth rate, Greenlip Abalone growing within the sampled sites on the OGA sea 
ranch would take 2.2 years (25.9 months) to reach 100 mm and 3.2 years (38.8 months) to 
reach the 130 mm harvest target. This homogeneity across the lease suggests that growth on 
these lines it relatively uniform and does not show the extent of variation found in other studies. 
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OGA monitors growth across the lease by measuring and counting in situ every six months and 
they have found significantly lower growth and survival in one area (Kirra line), ~2.5 km west 
of Boranup line (Figure 2.3). The Kirra line was closest to the shore and may have a lower 
supply of drift algae, the essential food for abalone, than in other areas of the lease (for further 
detail see 4.2 below). Abitats on this line have been relocated to other areas of the lease 
emphasising that variation in growth is an important consideration for the success of sea 
ranching. 
Water temperature and dissolved oxygen play a vital role in the life cycle of Greenlip 
Abalone, including inducing mature individuals to spawn (Mendoza-Porras et al., 2017), 
determining the time to settlement for veliger larvae (Hart et al., 2017), as well as being the 
primary factor in determining growth (Britz et al., 1997). In laboratory studies in Tasmania, 
relatively small changes in dissolved oxygen had dramatic effects on the growth of juvenile 
Greenlip Abalone, reducing growth by 5% and 50% at 7.36 and 5.91 ppm (96 and 77% 
saturation) (Harris et al., 1999). It was also found that while short periods of exposure to oxygen 
super saturation (> 100%) led to slightly increased growth rates, exposure to dissolved oxygen 
levels above 8.90 ppm (115% saturation) decreased growth rates and increased the incidence 
of gas bubble disease, bacterial infection, and mortality (Harris et al., 2005). Similarly, the 
influence of water temperature on abalone growth appears to vary in different regions, with 
increases in production possible for juvenile Greenlip Abalone at temperatures of 17 and 19 °C 
in experimental aquaculture production systems (Harris et al., 2005). However, Greenlip 
Abalone populations researched in recirculated tanks in Tasmania grew best at 18.3 °C (Gilroy 
& Edwards, 1998), while aquacultured South Australian populations optimal growth occurred 
at 22 °C in (Stone et al., 2013), further highlighting the plasticity in growth of Greenlip 
Abalone in different areas. 
In Flinders Bay, south-western Australia, coastal water dissolved oxygen and 
temperature during March and May ranged from 6.39 to 7.55 ppm, and 19 to 22 °C. These 
temperatures are generally higher than would be expected for coastal waters at this latitude 
(34.310° S and 115.16° E) due to the presence of the Leeuwin Current, which brings warmer 
equatorial water south along the Australian west coast (Hart et al., 2017). Dissolved oxygen 
and water temperature across the OGA sea ranching lease site appear homogenous and within 
a good range for efficient Greenlip Abalone growth. In April 2020, OGA managing director 
Brad Adams reported a mortality anomaly that was discovered within the OGA sea ranching 
lease site. The Western Australian Department of Primary Industries and Regional 
Development (DPIRD) were engaged to investigate the cause and extent of this mortality event 
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and concluded that a long period of low swells initiated a warm water event with lower food 
availability, which ended during the analysis period as weather conditions improved and swells 
increased (OGA, 2020). No major effect was apparent from the logger data. Climate change 
projections for this region of south-western Australia predict that these events will become 
more common due to anthropogenic factors contributing to the current warming trend (Oliver 
et al., 2018). For example, a strong La Niña event created a Category IV level (extreme) marine 
heat wave that affected 2000 km of coastline for 66 days in the mid-west of Western Australia 
in the summer of 2010/11. (Pearce et al., 2011; Hobday et al., 2018; Caputi et al., 2019). Water 
temperatures rose between 2–4 °C which resulted in mass mortalities and effects on the 
population structure of Roes Abalone (H. roei) that has persisted, as spawning stocks remain 
very low (Pearce et al., 2011; Hobday et al., 2018; Caputi et al., 2019). As Greenlip Abalone 
are at the northern end of their range in Augusta, OGA needs to consider the consequences of 
further warming events for their future abalone production in the region, e.g. models predict 
that 2020/21 will have moderate to strong La Niña, with associated warmer waters (L. Strain, 
DPIRD, 2020, pers. comm.). 
 
4.2 Comparison of estimated growth rates with other studies 
As the stock biomass of a fishery is mainly increased through a combination of recruitment to 
the population and the growth of individuals already in the population (Haddon, 2011), growth 
is a vital component in almost every aspect of abalone fisheries (Hart et al., 2002) as their 
restricted dispersal capability severely limits external recruitment (Prince et al., 1987). Data on 
the growth rates of abalone in Australia (Western Australia, South Australia and Tasmania), 
have been estimated by the von Bertalanffy growth curve, the most commonly used growth 
curve in fisheries science, and are summarised in Table 4.1. This synthesis of growth 
information shows a wide range of parameter estimates describing the growth pattern, which 
is also evidenced in the array of estimated growth rates for abalone in those studies. For 
example, Hart et al. (2013b) recorded a growth rate of 36 mm year-1 for Greenlip Abalone with 
a mean shell length of 31 mm in Flinders Bay, south-western Australia. Shepherd and Hearn 
(1983) found that the estimated growth rates for Greenlip and Blacklip (H. rubra) Abalone at 
three sites in South Australia, mostly in the 30–100 mm size class, was ~46.8 mm year-1 
(0.9 mm week-1). The growth rate estimated for tagged abalone on the OGA sea ranch of 
2.318 mm month-1 is equivalent to an annual growth rate of 27.82 mm year-1, 77% and 59% of 
the growth rates recorded by Hart et al. (2013b) and Shepherd and Hearn (1983) respectively. 
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Note however, that few of the summarised studies had much data for abalone < 70 mm shell 
length. Some studies have found that abalone growth is better described by a model that 
incorporates linear juvenile growth (size classes 10–70 mm) (Haddon, 2011) before an increase 
in adult growth rate, such as the inverse-logistic model (Helidoniotis et al., 2011), or the 
Gompertz model (Prince, 2005). Growth rates may in fact be faster at larger shell sizes, with 
growth rates discovered in this study (up to a shell length of ~80 mm) suggesting that Greenlip 
Abalone will take 3.2 years to reach the targeted harvest size of 130 mm, which is slightly 
longer than the 3 years estimated by OGA (Brad Adams, OGA, 2020, pers. comm.), who 
advises abalone across the sea ranch take three years. This suggests that the growth rate beyond 
the range of this data may increase. As the most important aspect of growth from a commercial 
perspective is the time it takes for individuals to reach harvest size (Hart et al., 2013b), 
measuring the tagged abalone remaining on the lease at harvest would be very valuable. This 
would enable growth rates to be estimated for the whole ocean production cycle and growth to 
be compared between the juvenile phase and maturing phase of the life cycle.  
 
  61 
Table 4.1 von Bertalanffy growth parameters of the Type II Haliotis laevigata from different stocks 
from different regions. L∞ is the asymptotic length, k is the growth rate per year, t0 is the 
theoretical age at zero length, M is the natural mortality, minimum size refers to the 












South Australia        
West Island 137.9 0.48 - - 
14 46.8 
(Shepherd & 
Hearn, 1983) Tipara Reef 130.8 0.41 - - 
        
Mean  













178.4 0.61 2.62 - 38  
(Melville-Smith 
et al., 2013) 
Augusta 
(Flinders Bay) 
165.0 0.36 - 0.25 
40 38.0 




170.0 0.55 - 0.25 
Hopetoun 145.0 0.33 - 0.25 
Augusta  0.36   31 36.0 





166.1 0.42 0.69 - 40  
(Wells & 
Mulvay, 1995) 
        
Mean  





    
 
Tasmania        
Great Dog Island  164.5 0.33 0 0.11 
40  (Officer, 1999) 
North Pascoe 
Island 
144.3 0.40 0 0.11 
Preservation 
Island 
161.2 0.43 0 0.11 
Puncheon Island 124.4 0.37 0 0.11 
Cowper Point 177.1 0.42 0 - 
Lizzy Rocks 160.2 0.46 0 - 
        
Mean  





    
 
 
Food availability is a major factor influencing growth, and having adequate access to 
drift algae is fundamentally important for the growth and survival of Greenlip Abalone (Hart 
et al., 2013c). A dispersal model incorporating current and wave actions, along with local 
winds, water elevations and wave data, was developed to investigate the key differences in 
seasonal drift algae abundance across the OGA sea ranching lease site (Melville-Smith et al., 
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2017). Drift algae were found to be supplied mainly during the winter months during more 
intense swells, with the majority of the drift algae supplied from the southwest of Flinders Bay. 
Possibly the supply of drift algae to the Kirra line, the line positioned most westerly and inshore 
on the sea ranch (~2.5 km west of Boranup), is not as abundant as the more productive sites 
near the centre of the sea ranching lease site, e.g. Boranup line, which has led to its lower 
production by Greenlip Abalone (B. Adams, OGA, 2020, pers. comm.). 
In a bid to decrease the time spent by divers cleaning and maintaining Abitats, and to 
increase growth and survival of seeded Greenlip Abalone, OGA began a trial of new Abitat 
designs on the AC1, Huzza and Mainbreak lines. Growth rates on the three Flatpacks designs 
Flat, Horizontal, and Vertical (Figure 2.6), did not differ significantly from those on Abitats 
and had a slightly lower mean growth rate (2.189 mm month-1) than that for the standard design 
(2.362 mm month-1). However, few tagged individuals were retained on the different Flatpack 
designs, with only 71 of the initial 500 abalone seeded to the Flatpack designs remaining at the 
time of harvest (Table 2.1 and 2.2). This 15% retention rate may be attributed to three main 
causes: predation by octopus (Greenwell et al., 2019a), tag loss (Hale et al., 2012), and abalone 
movement off the Flatpack designs onto adjacent Abitats (B. Adams, OGA, 2020, pers. 
comm.). While predation would have had some impact on the numbers of abalone retained 
through to harvest, tag loss would have had the greatest impact. OGA divers reported that tag 
loss began while abalone were moving within their release units prior to Abitat seeding, with 
tagging procedures at Flinders Bay wharf not allowing time for the shells to incorporate the 
tags spring into the shell matrix (B. Adams, OGA, 2020, pers. comm., Table 2.2). Divers also 
reported observing tagged abalone on Abitats adjacent to Flatpack structures, where not tagged 
abalone had been seeded, indicating movement off the Flatpacks (B. Adams, OGA, 2020, pers. 
comm.). 
 
4.3 Comparison of hatchery and ocean growth rates 
The results obtained from this study show that growth in the open ocean environment of 
Flinders Bay matched that of the semi-enclosed, closely monitored conditions found in the 888 
Abalone hatchery. Mean shell length growth of Greenlip Abalone during their hatchery growth 
phase over 73 days was 2.127 mm month-1, which was slightly, but not significantly, faster 
than the growth rate of 1.964 mm month-1 for the 266 days during the ocean phase on the 
Boranup line. This small difference, while not statistically significant, may be attributed to the 
stresses placed upon the abalone through the translocation process from Bremer Bay to Flinders 
  63 
Bay. It was during this time, that individuals were handled to record their shell length and 
weight, packed into seeding baskets, driven ~370 km and introduced to a new natural 
environment. It is likely that the stress of movement (Hooper et al., 2011), redirected energy 
from growth to maintaining other critical physiological processes (Hooper et al., 2011), and 
ensuring continued survival during this short term stress.  
Aquaculture growth rates of abalone have been studied in experiments to investigate 
the influence of temperature and dietary nominal protein on Greenlip Abalone growth. 
Bansemer et al. (2015) and Stone et al. (2013) show that temperature has a greater effect on 
growth than the dietary proteins investigated. These two studies, both conducted in a flow 
through seawater system in South Australia, show the potential differences in juvenile Greenlip 
Abalone shell length growth rate that can be achieved in controlled settings. It was found that 
though feeding strategies of the abalone changed according to the temperature and crude 
protein diet available, at 35% crude protein and water temperatures greater than 20 °C, growth 
varied by 6.599 mm year-1 (35.083 mm year-1 (Stone et al., 2013) and 28.482 mm year-1 
(Bansemer et al., 2015)). 
Aquaculture conditions are important for determining the growth rate and quality of the 
animals produced and this can be affected by factors such as removal of waste, disease, 
handling, and providing adequate feed, which can have deleterious effects on growth rate as 
energy is expended to combat external stresses, rather than be focused on growth (Morash & 
Alter, 2016). Nitrogenous waste in cultured aquatic animals is largely in the form of ammonia 
(NH3, NH4+) (Ahmed et al., 2018), which rarely reaches toxic concentrations in the wild as 
natural swells or tidal movements adequately flush the environment. In semi-enclosed, densely 
packed aquaculture facilities, the threat of ammonia reaching levels that can affect 
physiological functions and eventually growth is a very real threat. Harris et al. (1998) found 
that the growth rate of Greenlip Abalone was reduced by 5% at ammonia concentrations of 
0.05 mg L-1, but if exposure is long-term (~5 months), much lower concentrations (0.005 mg L-
1) reduced Blacklip Abalone growth by 5% (Huchette et al., 2003). Exacerbated by increasing 
stocking densities, escalations in ammonia concentration from waste product poses the risk of 
potential disease outbreaks.(Morash & Alter, 2016). In order to mitigate these issues, land-
based aquaculture must ensure a flushing regime for their system that balances the financial 
constraints with the physiological needs of the abalone (Evans & Langdon, 2000).  
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4.4 Morphometric measurements 
This study has been the first to record detailed morphometric measurement of small, juvenile 
abalone ranging in size from ~20-80 mm shell length (SL). The measurement of SL, shell width 
(SW), shell depth (SD), foot weight (FW) and total weight (WT) allowed relationships between 
these variables to be quantified and the ratios of SL:SD and SL:SW to be estimated, ratios that 
have been used to determine whether a population has stunted or non-stunted growth in natural 
systems (Saunders et al., 2008). Although significant differences were found in the ratios 
among the lines: the mean SL:SD ratios of the Boranup line (4.28) was less than on the 
Flatpacks line (5.22); the mean SL:SW ratios on the Bears line (1.28) was less than on the 
Flatpacks line (1.32), these differences were small (0.34 and 0.044, respectively) and may not 
be biologically significant. The overall mean SL:SD ratio for all tagged Greenlip Abalone in 
this study was 5.04, which was much higher than for the stunted and non-stunted mature 
Blacklip Abalone populations in South Australia, whose mean SL:SD ratios of ~3 (range: ~3.0 
to ~3.1) and ~3.6 (range: ~3.4 to ~3.7) respectively, were recorded for abalone with SL above 
90 mm and thus close to maturity (Saunders et al., 2008).  
The advocacy for fine scale monitoring and management of abalone stocks has risen, 
as their limited dispersal capability tends to lead to highly structured populations across small 
spatial scales (Prince, 2005; Cadrin et al., 2013). Aggregations are known to form discrete 
populations that form variable life-history parameters that are unique between conspecifics 
(Prince, 2003). While environmental variability may influence spatial patterns in morphology 
that disrupt the comparison of demographically isolated units, highly localised sedentary 
abalone populations are likely to exist in similar environmental conditions, as seen in this study, 
making morphology identification a useful tool for distinguishing populations with differing 
growth and reproductive rates – stunted populations maturing at smaller sizes and have a lower 
maximum size than non-stunted populations (Mayfield et al., 2014). Morphometric variation 
has been used to identify separate populations among marine species previously (Kong et al., 
2007), with this study utilising methods developed for Blacklip Abalone (shell height in 
Saunders et al. (2008)), which have never been applied to Greenlip Abalone populations. Using 
this rapid, cost effective method, it was concluded that such techniques are also applicable to 
other abalone species, and as this study evaluated juvenile Greenlip Abalone, the results 
obtained are unique as the shell lengths sampled were much smaller than the Blacklip Abalone 
in Saunders et al. (2008) (44.1 to 84.1 mm, Table 3). The variation in SL:SD between studies 
highlight the growth strategy differences apparent between juvenile and mature abalone 
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species. In juvenile life stages, abalone energy allocation focuses on shell length growth and 
will typically display longer, thinner shells (Prince et al., 1988c; Jennings et al., 2009), resulting 
in higher SL:SD ratios. Whereas mature abalone start investing their energy in increasing 
reproductive capability, resulting in deeper shells to accommodate gonad development that 
leads to a lower SL:SD (King, 2013; Prince et al., 2015). This method of shell morphometric 
analysis warrants expanding monitoring into the mature size classes on the OGA sea ranch, 
and provides a possibly exciting new avenue for OGA management to quickly assess the 
Greenlip Abalone stocks in a non-invasive manner and make comparisons with natural 
populations in the region. 
 
4.5 Hatchery mark as an indicator of size at seeding 
At harvest, a colour differentiation was evident on the Greenlip Abalone shells that possibly 
indicates the size at which the abalone were moved from the hatchery to the ocean. Shell 
depositions between the two growth conditions are evident by the change in colour, with earlier 
hatchery growth represented by a greener colour, compared to the ocean growth phase which 
has a darker colouring towards the outer limits of the shell (Figure 2.7). Shell length at seeding 
was determined to be linearly related to hatchery mark at harvest, with 50.6% of the variation 
in shell length at seeding accounted for by hatchery mark at harvest.  
The potential link between hatchery mark at harvest and shell length at seeding offers 
a relationship that will potentially provide monitoring programs with a way of estimating 
growth rates of harvested abalone seeded at different times. This relationship provides a way 
of estimating growth of cohorts of seeded abalone without the need for a tag – measuring the 
shell length, weight, and hatchery mark of abalone at harvest, with the known date of seeding 
and harvest, allows these growth rates to be determined. This relationship allows more accurate 
estimation of growth for individual abalone to be determined and growth rates to be compared 
across area of the sea ranch and monitored for different cohorts. It avoids the need for tagging 
which is costly, time consuming and may have some negative effects on growth (McShane et 
al., 1988a; Gorfine et al., 1998; Wang, 1998). However, additional work is needed to determine 
whether the hatchery mark of larger individuals can be detected and measured accurately. If 
this is possible, it has a lot of potential application for determining growth without the need for 
a tag.  
Operations at 888 Abalone have a number of grading times throughout their grow out 
process to ensure similar sized abalone remain together to ensure diet and temperature 
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preferences are met (Appendix 3). This variability in growth and requirement to grade 
individual abalone indicate that a selective breeding program for fast growing individuals 
would be a worthwhile investment. Investigations into selective breeding programs for 
Greenlip Abalone in Tasmania have suggested that growth rate gains of 10% per generation 
could be achieved (Kube et al., 2007), while a stochastic computer simulation on Greenlip 
Abalone breeding programs predicted that over the course of 35 y (10 generations), genetic 
improvements of 36% - 55% could be achieved under a conservative selection approach 
without reproductive failure (Dominik et al., 2013). This approach to increasing growth rates 
would need to be carefully managed, with the responsible principles of marine release 
programs recommending using a diverse array of genotypes to not impact wild populations 
(Lorenzen et al., 2010; Grant et al., 2017). However, the OGA sea ranching operation could 
potentially be different, as the Abitats are placed on sandy substrate in an area that is ~1 km 
away from wild stocks. This distance and the lack of suitable habitat for abalone in the areas 
immediately surrounding the lease, may be enough to genetically isolate the populations, given 
the Greenlip Abalones limited dispersal capabilities (Prince et al., 1987).  
 
4.6 Research limitations 
As this study was carried out in close association with OGA staff during their commercial 
fishing operations, optimal scientific design was not always possible. This challenge was 
mainly faced in the limited sampling measurements able to be achieved throughout the growth 
phase within the ocean and the disruption of commercial operations to tag abalone. With the 
time required to locate tagged abalone on the correct Abitats, record tag numbers, and take an 
in situ shell length measurement, it was not feasible for the OGA staff to complete this on a 
regular basis. Furthermore, in conditions with swell and turbulent water, it is difficult for divers 
to detect all tagged abalone and measure shell length accurately. Low numbers of tagged 
abalone taken at the time harvest also reduce the power of the statistical analyses to detect 
changes. This was compounded by the apparent high tag loss due to a tagging procedure that 
did not allow for the shell matrix to incorporate the spring backed tag as discussed earlier.  
 
4.7 Future research directions 
Future studies should continue investigations into the viability of using the hatchery mark at 
harvest as an accurate measure of shell length at seeding. This appears to have merit for 
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tracking growth throughout the ocean growth phase, without the need to tag individual abalone 
and introduce the extra time of handling during the aquaculture production phase. Ideally, 
future sampling will include larger sampling numbers and sampling individual abalone from 
larger size classes to track how accurate the hatchery mark is as the abalone mature and grow 
to shell lengths ready for harvest (~130 mm). A comparison of the genetic structure of nearby 
wild stocks with the hatchery reared abalone on the OGA sea ranch would be required to 
determine if selective breeding is a viable option. A wider area of the sea ranch should also be 
targeted, with the potential to quantify the reported poor growth in lines such as Kirra an ideal 
comparison to the homogenous growth discovered through the middle section of the ranch in 
this study. When planning any such research, factors such as tag encrustation, facing 
unexpected poor environmental conditions i.e. increased swell, and locating and measuring 
abalone, will need to be considered as they all make reading small tag numbers in situ very 
difficult (B. Adams, OGA, 2020, pers. comm.).  
 
4.8 Conclusion 
This study has shown that Greenlip Abalone released onto the OGA sea ranching lease site in 
Flinders Bay, south-western Australia, display relatively little variation in individual growth 
across the sea ranch and similar levels of production for the juvenile phase investigated. It will 
be valuable to determine whether individual growth at larger sizes remains homogenous across 
the sea ranch by measuring all the remaining tagged individuals and their hatchery mark at 
harvest. Growth was also similar on the different designs of artificial structures trialled, 
however, these analyses were potentially hampered by migration off and between the 
Flatpacks, which was greater than on the Abitats within the sea ranch. Morphometric 
measurements have been established for juvenile Greenlip Abalone for the first time and have 
potential for defining growth forms that needs to be explored for larger abalone. The hatchery 
mark, and its relationship with the size at seeding, has great potential for estimating individual 
growth rates from different areas on the farm at the time of harvest. This relationship needs to 
be confirmed by taking these measurements at harvest for the tagged individuals remaining on 
the sea ranch but has potential to be used to determine growth rates of harvest abalone. 
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Appendix 1 The biology and ecology of abalone with a focus on growth and 
its relevance to sea ranching 
A1.0 Abstract  
World fisheries are in an era of change, with FAO reports and estimates of reconstructed 
landings to include illegal, unreported and unregulated fishing as well as discards and bycatch, 
indicating that capture fisheries have significantly decreased since the mid 1990s. Abalone 
capture fisheries are an example of very significant decline, where in 2015 only 33% (6,500 
tonnes) of the 1970 harvest levels (19,720 tonnes) were produced.  
Aquaculture has continued to increase its production of fish and invertebrates so that in 
2018, it was the fastest growing global source of food production, with shelled molluscs 
accounting for 56.2% of mariculture production, and abalone production increasing greatly 
from 50 tonnes in 1970 to 129,720 t in 2015. In an effort to enhance capture fisheries, 
aquaculture technology is now being developed in a promising synergy between the two 
fisheries methods. Aquaculture-based-enhancement (ABE) strategies aim at overcoming 
limiting aspects of capture fisheries, with the release of hatchery-reared juveniles aiding the 
recruitment of individuals to the fish stock to optimize harvests. Sea ranching is a form of ABE 
with the aim of growing individuals to harvest size, with no intention of them contributing to 
the spawning biomass.  
This review focuses on the ecology, fisheries management, and growth modelling of 
the very valuable shelled mollusc abalone, and its suitability for sea ranching in a bid to 
compensate for the sharp decline in wild capture fisheries production. From this review, it is 
apparent that abalone display very plastic growth, with local conditions (areas within hundreds 
of metre of each other) having significant impacts on the populations growth rate and maximum 
sizes obtained. Water temperature, food and habitat availability have all been found to 
influence the time taken for abalone to grow to harvest size, and local investigations should be 
carried out at prospective new sites or in areas where stocks have yet to be studied.  
From previous studies, growth has been estimated using a number of models, including 
the von Bertalanffy and the Gompertz growth models. Both these models predict rapid juvenile 
growth before growth slows as the individual nears their asymptotic length (L∞). The more 
recently developed inverse-logistic growth model allows for slower initial juvenile growth 
before the rapid juvenile growth and the slowing of growth near the L∞. Many studies have 
used the von Bertalanffy growth to estimate abalone growth and this provides a basis for 
comparing growth between different populations. These studies highlight the plasticity in 
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abalone growth, with estimates of L∞ for Greenlip Abalone, Haliotis laevigata, varying by 
> 40%, ranging from 124 to 178 mm shell length, while k (the relative per year growth rate to 
reach the L∞) varies by > 65%, ranging from 0.33 to 0.55 per year. 
These variations in growth show the importance of site when considering an 
economically viable sea ranching operation as they can be used to predict how long seeded 
abalone take to reach market size. Therefore, it must be a priority to conduct local 
investigations to determine the growth parameters for local stocks to determine the viability of 
prospective sea ranching applications.  
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A1.1 Introduction  
Global capture fisheries have plateaued in terms of total production (FAO, 2018) but have been 
in decline since the 1990s if catches are reconstructed and unreported and illegal fishing are 
estimated (Pauly & Zeller, 2016; Teh & Pauly, 2018). These declines have been significant for 
sedentary, easily accessible stocks such as abalone, which hold high market demand and high 
market value (Plagányi et al., 2011). In order to arrest the decline and increase production in 
fisheries, aquaculture-based enhancement, the release of aquacultured individuals into natural 
environments, has been attempted for many species globally (Lorenzen et al., 2013; Kitada, 
2018) particularly in China, where it is combined with the addition of artificial habitats (Wilson 
et al., 2002; Wu & Zhang, 2016; Zeng et al., 2018). This addition of cultured individuals to 
artificial habitats is one form of sea ranching, where the objective of the releases are to increase 
yield of the current generation for commercial gain, with no intent to increase yields of future 
generations (Bell et al., 2008; Kitada, 2018). 
 This review focuses on the biology and ecology of abalone species, in the family 
Haliotidae, genus Haliotis and considers how understanding growth processes can provide 
important information for sea ranching operations.  
 In the review, I synthesise information on the following topics: 
1. Haliotidae – the characteristics of abalone including their global distribution, diversity  
2. Abalone biology – including life cycle, dispersal, diet and growth 
3. The status of global fisheries, particularly abalone in capture and aquaculture fisheries 
4. Global fisheries production enhancement strategies particularly sea ranching 
5. Abalone fisheries management with global examples of challenges faced 
6. Fisheries growth modelling 
In the Conclusions of this review, I also identify knowledge gaps and research priorities for 
abalone sea ranching.  
 
A1.2 Haliotidae 
A1.2.1 Marine distribution 
Molluscs have successfully colonised aquatic and terrestrial habitats across all continents 
except Antarctica, with specific specialisations developed to suit particular habitats (Strong et 
al., 2008), and are second only to the phylum Arthropoda in species diversity, with greater than 
70,000 estimated described species, 43,000 of which are marine (Rosenberg, 2014), 
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successfully achieving a global distribution, as illustrated by the distribution of species in the 
genus Haliotis (Figure A1.1).  
 
 
Figure A1.1 Known global distribution of all Haliotis species shown in green shading. Retrieved from 
https://mapper.obis.org/?taxonid=138050 on 11 April 2019. 
 
Molluscs are characterised by an unsegmented body differentiated into a head, a ventral 
muscular foot utilised for locomotion, and a mantle covering the visceral hump, which is 
capable of secreting a protective shell in many species (Allaby, 2014). These soft bodied 
invertebrates utilise gills for underwater breathing and feed using a radula (Allaby, 2014). The 
phylum Mollusca includes eight classes, the most speciose being the Cephalapoda, Bivalvia 
and Gastropoda (Haszprunar & Wanninger, 2012; Rosenberg, 2014). Gastropods comprise 
~80% of the species in the Phylum, and comprise > 40,000 marine species. All extant abalone 
species, however, have an ear-shaped shell, perforated with tremata along the dextral spiral of 
its margin (Figure A1.2; Gorfine et al., 2018). 
 
A1.2.2 Abalone, genus Haliotis 
The family Haliotidae is a member of the class Gastropoda, within which all abalone are 
classified in a single genus, Haliotis (Table A1.1; Nam et al., 2017). A valuable marine 
gastropod due to its high demand, primarily in Asian markets (Gorfine et al., 2018), the total 
number of species found within Haliotis is uncertain, though the literature often cites Geiger 
(2000), who refers to 56 species of abalone. However, in a search of the World Register of 
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Marine Species (WoRMS), 55 species were found 
(http://marinespecies.org/aphia.php?p=taxdetails&id=138050 accessed 27/06/2019), of which 
about half are harvested commercially across the globe, primarily for east Asian markets (Bell 
et al., 2005). The majority of extant species of abalone are found in the Indo-Pacific and Central 
Pacific (22%) or the Australian (20%) geographic regions (regions 12 and 11 respectively) 
(Geiger, 2000; Table A1.2). 
 
Table A1.1 Scientific classification of abalone – genus Haliotis following Geiger (2000). 
 
 
In Australia, up to 19 Haliotid species have been described, four of which are endemic 
to Australian waters and fished commercially and recreationally, namely: Blacklip (H. rubra), 
Greenlip (H. laevigata), Brownlip (H. conicopora), and Roes Abalone (H. roei) (Mayfield et 
al., 2012). In Western Australia, the latter three of these species are commercially harvested, 
with Greenlip being the dominant commercial species, followed by Roe’s and Brownlip 
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Figure A1.2 Images of the commercially and recreationally fished abalone found in the waters of 
Western Australia (from Island, 2011).  
Table A1.2 Global geographic regions where each of the 55 Halioits spp. are found as described by 
Geiger (2000). 
Region Total Haliotis spp.  
Indo-Pacific & Central 
Pacific 
12 asinina, clathrata, dissona, diversicoor, fatui, glabra, 
jacnensis, ovina, planata, pulcherrima, rubiginosa, varia 
Australia 11 brazier, coccoradiata, cyclobates, elegans, laevigata, 
melculus, papulata, roei, rubra, scalaris, semiplicata 
East Pacific 9 corrugata, cracherodii, dalli, drogini, fulgens, 
kamtschatkana, rufescens, sorenseni, walallensis 
Meditteranean & West 
Africa 
5 geigeri, marmorata, mykonosensis, stomatiaeformis, 
tuberculata 
South Africa 5 alfredensis, midae, parva, queketti, spadicea 
East Africa 4 arabiensis, mariae, rugosa, unilateralis 
Northwest Pacific 4 discus, gigantea, madaka, supertexta 
New Zealand 3 australis, iris, virginea 
East Africa, Indo-Pacific 
& Central Pacific 
1 squamosa 
Western Atlantic 1 pourtalesii 
 
A1.3 Biology 
A1.3.1 Life cycle 
Understanding the reproductive ecology of marine gastropods is an important part of 
developing effective management approaches to ensure sustainable fisheries, as this 
information provides a snapshot of the ecological state of wild abalone aggregations (Kim et 
al., 2016). 
 Like many marine organisms, once abalone reach maturity, which is age dependant 
rather than size dependant (Prince, 2003), water movement is utilised to aid dispersion through 
the simultaneous release of ova and eggs, known as broadcast spawning (Wang et al., 2016). 
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This technique, commonly triggered by environmental factors such as tides, moon cycle, food 
availability, atmospheric pressure, photoperiod, temperature and salinity (Mendoza-Porras et 
al., 2017), sees individuals release their gametes into the water column where they undergo 
external fertilisation, then developing through two planktonic larval stages, the trochophore 
and veliger larvae before proceeding to metamorphosis into benthic juveniles (Figure A1.3; 
Aguirre & McNaught, 2011). The stages in development of Halioits tuberculata at 17  0.5°C 
and the time post-fertilisation are summarised in Figure A1.3, based on observations in the 
laboratory by Jardillier et al. (2008). The fertilised eggs are demersal, however, about 15 h 
post-fertilisation, the abalone zygote develops into a trochophore larvae, the first planktonic 
larval stage, which swims upwards in the water column (Miyake et al., 2017). Approximately 
30 h after fertilisation, the second marine planktonic larval stage begins, with the trochophore 
developing into the veliger which has a velum that provides a level of swimming ability (Figure 
A1.3; Jardillier et al., 2008; Rhode, 2010). The veliger larvae then transform through a 180° 
rotation, before developing into the postlarval abalone 3 d after fertilisation, though it may 
between 1 to 3 weeks depending on water conditions (Miyake et al., 2017). The postlarvae then 
settle on an appropriate substratum to begin their benthic juvenile life stage (Jardillier et al., 
2008; Rhode, 2010; Miyake et al., 2017). Grubert and Ritar (2004) predicted that the time of 
fertilisation to settlement of postlarvae for Halioits laevigata (Greenlip Abalone) would take a 
minimum of 10 d at 12°C, and 3.8 d at 20°C. 
 
 
Figure A1.3 Schematic drawing of the life-cycle stages of the Green Orma Abalone Haliotis 
tuberculata including time (hours) of each stage post fertilisation at a water 
temperature of 17  0.5°C from laboratory studies by Jardillier et al. (2008). 
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A1.3.2 Dispersal 
Dispersal is the movement of an individual from its place of birth to its site of reproduction, 
and is the main mechanism creating gene flow both within and between stocks (Clobert et al., 
2012). Abalone have lecithotrophic planktonic larvae which ensures they are not reliant on 
external sources of nourishment, as they are sustained by an egg yolk supply (Rhode, 2010). 
Theoretically, the planktonic larvae are capable of dispersing many kilometres given their life 
expectancy of a couple of days, however, due to poor horizontal swimming capacity, any 
dispersion in these stages is largely dependent on local hydrodynamic patterns and the 
availability of suitable settlement habitats (Prince et al., 1987; Miyake et al., 2017), as well as 
the avoidance of predation (Rhode, 2010). Initially, dispersal distances by the larvae were to 
be in the realms of 70-90 km (Tegner & Butler, 1985), but more recent research now suggests 
that larval dispersion is much more limited –in the order of tens to hundreds of metres, not 
kilometers (McShane et al., 1988b; Prince et al., 1988b; Shepherd & Brown, 1993; Miller et 
al., 2014). This lack of dispersal capacity has created small scale (< 5 km2) micro-stocks of 
abalone (Prince, 2003), where 80% of an abalone stock may be found clumped into 20% of its 
habitat range (Prince et al., 1998), resulting in each wild abalone stock being a relatively 
independent aggregation relying heavily on self-recruitment, whilst maintaining loose genetic 
links with the greater metapopulation of the geographic area through a stepping-stone model 
of dispersal (Shepherd & Brown, 1993; Prince, 2005; Sandoval-Castillo et al., 2018). Genetic 
studies of Greenlip Abalone by Miller et al. (2014) along the south-east coast of Australia 
found strong genetic structure, indicating the presence of separate metapopulations. On the 
basis of this evidence, it was proposed that metapopulations of Greenlip Abalone inhabit reef 
areas of up to 30km2, and that these metapopulations are largely self-recruiting. 
 Though creating difficulties for fishery management when facing localised fishing 
pressures, short distance dispersal has a number of possible benefits. Miyake et al. (2017) 
describes the desirable outcome of increased settlement on the natal reef leading to higher 
survival rates as the natal reef is known suitable habitat, assuming juvenile and adult abalone 
share a suitable habitat preference, whilst localised adaptations through limited dispersal can 
be a beneficial contribution to increasing survival (Kinlan & Gaines, 2003). 
 
A1.3.3 Diet 
Once settlement has occurred after 8 to 10 d depending on water temperature (Hart et al., 2017), 
wild Greenlip Abalone (H. laevigata) diet preferences change as they grow (Stone et al., 2013), 
  88 
with the diet of postlarval and early juvenile abalone (< 5 mm shell length [SL]) consisting of 
epiphytic and epilithic diatoms, crustose coralline algae, turf algae and bacteria, which 
transitions to microalgae as they increase in size to become juveniles (Strain et al., 2006). Once 
they grow to adult size, abalone feed predominately on red algae (Buss et al., 2015), and rely 
on chemosensory and tactile cues to locate suitable food sources (Allen et al., 2006).  
 Greenlip Abalone forage and feed nocturnally, with movement only recorded during 
the dark (19:00 to 24:00 hours) (Day & Branch, 2002; Allen et al., 2006). This photophobic 
behaviour is believed to develop as early as the postlarval stage (Searcy-Bernal & Gorrostieta-
Hurtado, 2007). It has also been suggested that reduced food availability within sheltered areas 
of habitat, as well as relatively dense aggregations of abalone stocks, causes variation in 
abalone shell morphology, and may lead to “stunted” abalone, where smaller body form 
accompanies shorter shells that are higher, wider and thicker compared to abalone on adjacent 
reefs (Wells & Mulvay, 1995; Saunders et al., 2009). Within these dense areas of stunted 
abalone, it has been suggested that the abundance of drift algae is reduced due to the lack of 
water movement, thus limiting the access to high quality food by adult abalone, with stunted 
growth occurring in protected waters and faster growth recorded in areas with greater more 
wave action (Prince, 2005; Appleyard et al., 2009).  
 
A1.3.4 Growth 
Abalone are able to adapt to a wide range of environmental conditions and their growth has 
been described as being extremely plastic, showing significant variation within areas of < 5 
km2 (Prince, 2003). This fine-scale variation in growth has implications for the assessment and 
management of Greenlip Abalone – assessment and management must be considered at the 
micro-stock level (< 5 km2) to ensure a sustainable fishery (Prince, 2003).  
 In laboratory studies, abalone growth rates are strongly influenced by water temperature 
and dissolved oxygen (DO) (Harris et al., 2005). Greenlip Abalone growth varies with 
relatively small changes in DO levels, e.g. growth was reduced by 5% at 96% oxygen saturation 
(7.36 mg DO 1-1), and 50% at 77% oxygen saturation at (5.91 mg DO 1-1) (Harris et al., 1999). 
While short periods of exposure to oxygen super saturation (> 100%) led to slightly increased 
growth rates, exposure to supersaturation beyond 115% decreased growth rates, as well as 
increasing the likelihood of gas bubble disease, bacterial infection, and ultimately animal 
mortality (Leitman, 1989). 
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 Water temperature is another primary environmental factor controlling growth (Britz 
et al., 1997), and has been investigated in aquaculture systems to understand its direct influence 
on survival, growth, food consumption and metabolism (Gilroy & Edwards, 1998; Stone et al., 
2013; Buss et al., 2017). However, the optimum water temperature for growth varies among 
species and even among populations within species under natural conditions. Thus, Greenlip 
Abalone in Tasmanian waters grow best at water temperatures of 18.3 °C (Gilroy & Edwards, 
1998), compared to 22 °C for Greenlip Abalone in South Australian waters (Stone et al., 2013). 
These differences in optimal temperature for growth suggest that South Australian and 
Tasmanian Greenlip Abalone represent different metapopulations. In fact, Miller et al. (2014) 
found clear genetic differences between Greenlip Abalone from South Australia and Tasmania, 
and that distances of up to 135 km2 were effective barriers to genetic dispersal and recruitment 
between metapopulations. 
 
A1.4 Current Status of abalone fisheries and aquaculture 
A1.4.1 Global trends in fisheries 
Overfishing has long been recognised as a leading environmental and socio-economic problem 
in marine waters globally (Pauly & Zeller, 2016). The challenging nature of economic and 
political pressures placed upon fisheries governance (Webster, 2015), as well as the 
questionable accuracy of nationally supplied catch data to the Food and Agriculture 
Organisation (FAO) (Pauly & Zeller, 2016), continues to be of significant concern. Note that 
in this review, the term “fish” follows the definition by the FAO and includes teleosts, 
chondrichthyans, crustaceans, molluscs and other aquatic animals, but excludes aquatic 
mammals, reptiles, seaweeds and other aquatic plants (FAO, 2018). 
Fisheries subsidies are a major issue globally with government funding allowing 
increased capacity for fishers, ensuring reduced costs and therefore increased revenue, in 
exchange for exploiting an already overexploited resource (Bayramoglu et al., 2018). Subsidies 
like this have grown rapidly, particularly in Europe and East Asia, reaching US$35 billion in 
2009 (Sumaila et al., 2016), though they do not always have the desired effect. In fact, the 
coexistence of depleted fisheries and extensive subsidisation is well documented. Pauly et al. 
(2002) outlines a number of examples where this has occurred, including the eastern Canadian 
cod fishery, where subsidies were in part motivated by employment needs of the community. 
At times where proposed subsidies that were intended for vessel decommissioning, they instead 
were used to provide the collateral needed by banks to underwrite finances for modernisation 
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of the fleet. Even when vessel decommissioning was successfully implemented, the vessel may 
not have been retired from fishing, but instead the owner would relinquish their licence and the 
’retired’ vessels could continue to catch species without quotas, or be redeployed to the coasts 
of developing countries, where access may again be subsidised (Pauly et al., 2002).  
Another major issue in fisheries governance is the difficulty of implementing change. 
At times reactive legislative procedures initiated in response to major signals of overuse, such 
as biological depletion or economic recession (Webster, 2015), result in the concept of 
responsive governance. This has been described by Webster (2009) as “a trial and error process 
in which decision makers and other actors respond to problem signals by first applying the 
most expedient measures, and then gradually ratcheting up their response if problem signals 
persist or intensify”. Responsive governance has been critiqued as lacking foresight in 
management decisions (Webster, 2009), and has been evident in some abalone fisheries across 
the globe as highlighted in the section Abalone fisheries management below. 
 
A1.4.2 Marine capture fisheries 
Current reported catch from global marine capture fisheries shows they have plateaued since 
~1990 at ~80 to 85 million tonnes (mt), with a decrease in total catch from 2015 (81.2 mt) to 
2016 (79.3 mt) (FAO, 2018) followed by a slight increase from 2017 (81.2 mt) to 2018 (84.4 
mt), though this is still below peak catches of 86.4 mt from 1996 (Figure A1.4; Table A1.3; 
FAO, 2020). 
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Figure A1.4 World capture fisheries and aquaculture production as reported by the FAO (FAO, 
2020). 
 
If past catches are reconstructed, taking into account estimates of unreported catches 
and discarding, a very significant decline is detected since the mid-1990s (Pauly & Zeller, 
2016) and the estimated catches in 2015 and 2016 are about 20 million tonnes lower than those 
reported by the FAO. Teh and Pauly (2018) found that when these reconstructions are taken 
into account, the discrepancy between reported and actual catch equates to an additional 40% 
of catch taken, which is likely to be higher for small-scale fisheries through south-east Asia 
(Teh & Pauly, 2018). 
In addition to the decline in reconstructed marine capture fisheries production, the 
proportion of marine fish stocks harvested at biologically sustainable levels has declined from 
90.0% in 1974 to 66.9% in 2015, and the estimated proportion of stocks harvested at 




Aquaculture is the fastest growing global source of food production (Dadar et al., 2017), and 
has grown ~5.3% per annum over the 17 years between 2001 and 2018 (Error! Reference 
source not found.; FAO, 2020). This growth has slowed since the very rapid expansion of 
aquaculture in the 1980s and 1990s, when it was estimated to be 10.8% and 9.5% of total fish 
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production respectively (FAO, 2020). From 2016, the FAO has estimated that aquaculture 
production provided ~46% of the total fisheries production globally (Table A1.3), with 88.7% 
coming from Asia and 57.9% from China in 2018 (FAO, 2018, 2020). 
 
Table A1.3 World capture fisheries and aquaculture production for marine waters (million tonnes), 
with percentage contribution to that fishing method for the year, excludes aquatic 
mammals, crocodiles, alligators and caimans, seaweeds and other aquatic plants (FAO, 
2018, 2020). 
Fishery type 2013 2014 2015 2016 2017 2018 
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Total world capture and 
aquaculture 
160.7 164.9 168.7 166.1 172.7 178.5 
 
The FAO (2018, 2020) reports on aquaculture production combine production from 
mariculture (open ocean culture) and coastal aquaculture (culture either in the near shore or 
on-shore) due to the difficulties in separating the collected production data. In 2018, global 
mariculture production of shelled molluscs increased from 16.9 mt in 2016 to 17.3 mt in 2018, 
followed by finfish which also grew from 6.6 mt to 7.3 mt in the same time (Table A1.4). 
 
Table A1.4 Global mariculture production (mt) in 2016 and 2018 of main groups of food fish species 
(FAO, 2018, 2020). 
Fish Species 2016 2018 
Shelled molluscs 16,853 17,304 
Finfish 6,575 7,328 
Crustacea 4,829 5,734 
Other aquatic animals 531 390 
Total 28,664 30,756 
 
A1.5 Global fisheries production enhancement strategies 
As efforts to restore previous stock levels are a priority (FAO, 2018), efforts to protect and 
restore capture fisheries has developed aquaculture aided enhancement strategies. The 
objective of fisheries management is to control fishing mortality to support the stocks 
  93 
regenerative capacity (Hart, 2015), with each fish stock considered to be a self-regenerating 
population. New technical solutions are consequentially being developed that aim at combating 
ecological limitations in natural systems to fisheries production through overcoming 
recruitment limitation, degraded natural habitats and habitat limitations, restricting stakeholder 
access, and creating marine protected areas (Pérez-Ruzafa et al., 2008). Among these solutions, 
marine stock enhancement (also termed marine aquaculture-based-enhancement [ABE]) has 
been used increasingly across the globe, and is seen as a promising synergy between capture 
fisheries and aquaculture to apply hatchery technology to enable the release of artificially 
propagated fish to utilise the natural production of the sea in a bid to restore and augment some 
coastal fisheries (Blaxter, 2000; Bell et al., 2008; Loneragan et al., 2013; Lorenzen et al., 2013; 
Taylor et al., 2017).  
 Blaxter (2000) believed that stock enhancement could be used to increase fisheries 
yields, recover depleted stocks and those facing extinction, and create new stocks, either inside 
or outside their previous natural geographic range. Any enhancement mechanism aimed at 
providing the increases in fish productivity envisioned by Blaxter, depend heavily on the 
productive capacity of the natural systems to ensure that the release of additional individuals 
produced through aquaculture, have enough resources available to encourage growth and 
survival (Loneragan et al., 2013). The release of artificially cultured individuals into the marine 
environment belong to three main categories: restocking, stock enhancement, and sea ranching 
(Bell et al., 2008).  
 According to Bell et al. (2008), restocking is “the release of cultured juveniles into wild 
population(s) to restore severely depleted spawning biomass to a level where it can once again 
provide regular, substantial yields”, with the focus centred on increasing the spawning stock 
and recruitment of future generations (Kitada, 2018). Restocking may be used to re-establish a 
commercial fishery faced with overfishing pressures, and/or the release of juveniles reared in 
“conservation hatcheries” that help restore endangered or threatened species, restocking is 
often also accompanied by management interventions aimed at reducing fishing effort 
(Loneragan et al., 2013). Stock enhancement is defined by Bell et al. (2008) as “the release of 
cultured juveniles into wild population(s) to augment the natural supply of juveniles and 
optimize harvests by overcoming recruitment limitation, which is common for many coastal 
species with pelagic larvae in open ecosystems even with adequate spawning biomass”. Stock 
enhancement thus aims to increase recruitment to and production of the current generation 
(Kitada, 2018). 
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A1.5.1 Sea Ranching 
Sea ranching has been defined as “the release of cultured juveniles into open marine and 
estuarine environments for continued growth and harvest at a larger size, with no intention that 
the released animals contribute to the spawning biomass, though it may occur” (Bell et al., 
2008). The immediate goal of sea ranching is to create production for the current generation 
(Kitada, 2018). These sea ranching endeavours are also known as put, grow and take operations 
(Hunt et al., 2017). In Australia, early research has primarily focused on fin fish recreationally 
targeted, though high value invertebrates are now considered the best candidates (Hart, 2015), 
while fisheries enhancement through sea ranching is practised on very large commercial scales 
in China, Japan and South Korea. In these countries, it is often combined with the deployment 
of artificial reefs to increase production, thus combining ABE with habitat enhancement 
(Taylor et al., 2017). For example, the utilisation of discarded oyster shells in the construction 
of artificial reefs at a sea ranching operation in China, has seen greater densities of sea 
cucumber (Apostichopus japonicas) (Zhang et al., 2015) and abalone (H. discus hannai) (Wu 
& Zhang, 2016) produced. In southern Australia, hatchery produced juvenile Greenlip Abalone 
have been successfully seeded onto artificial reef habitats in a bid to enhance and maintain 
local fishing grounds in Cape Jervis, on the Fleurieu Peninsula in South Australia, with 6 of 
the 8 sites seeded recording juvenile survival rates between 47 to 57% after six months (Dixon 
et al., 2006). 
 
A1.6 Abalone fisheries 
Abalone capture fisheries worldwide have declined at a much greater rate than global fisheries 
– in 2015, the FAO reported abalone catch of 6,500 tonnes, which is only 33% of the catch in 
1970 (19,720 tonnes), 45 years ago (Table A1.5). Like global aquaculture production, that of 
abalone has increased greatly. However, the increase in abalone production is much greater 
than that for total aquaculture – increasing from 50 tonnes in 1970 (0.25% of total abalone 
production) to 129,287 tonnes in 2015 (95.2% of total abalone production), so that it is now 
~20 times greater than the production of capture fisheries (Table A1.5; Figure A1.4; Cook, 
2016). The large decline in production of abalone from capture fisheries is due to overfishing, 
illegal harvesting, disease, increased predation, habitat degradation and climate change (Cook, 
2016). 
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Table A1.5 Total global production (tonnes) of abalone from legal capture fisheries and aquaculture 
farms and the % production from aquaculture of total production between 1970 and 
2015 (modified from (Cook, 2016). 
Year Capture Aquaculture % Aquaculture production 
1970 19,720 50 0.25 
1989 14,830 1,220 7.60 
2002 10,146 8,700 46.16 
2008 7,869 30,760 79.63 
2010 7,242 65,344 90.02 
2011 No data 85,300 - 
2013 7,242 123,154 94.45 
2015 6,500 129,287 95.21 
 
The leading world producers of aquaculture reared abalone, China and Korea, continue 
to pursue greater food security through developing larger offshore sea-cage farm capabilities, 
which reduces costs and creates a more efficient grow out process compared to onshore 
aquaculture (Davis & Carrington, 2005). In 2015, China dramatically increased its offshore 
sea-cage production capabilities, to the point where it is estimated that production could reach 
as high as 115,397 tonnes/year and Korea has increased its abalone export volume from 1,000 
tonnes/year in 2003 to 9,400 tonnes/year (Cook, 2016; Table A1.6). 
 
Table A1.6 Estimated offshore sea-cage aquaculture production (tonnes) in the top 5 regions in 2010 
and 2015 (Cook, 2016).  
Region 2010 Production 2015 Production 
China 42,373 115,397 
Korea 5,000 9,400 
Chile 1,500 700 
South Africa 1,023 1,400 
Australia 500 900 
 
A1.6.1 Abalone fisheries management 
The global declines in capture abalone fisheries have been felt globally with restrictions put in 
place to halt the decline of wild stocks in the hope that commercial and recreational fisheries 
may be reopened at some point in the future (Campbell, 2000). Though differing in their degree 
of decline and management options undertaken to combat these decreases in total catch, the 
following examples from across the globe show that abalone fisheries management is a major 
issue that requires fine scaled information to better guide management decisions. 
In California, where the greatest decline in capture abalone fisheries has been recorded 
globally, poor management procedures and decisions led to a serial depletion in a number of 
Haliotis species including Red (H. rufescens), Green (H. fulgens), Black (H. cracherodii), 
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White (H. sorenseni), and Pink (H. corrugata) Abalone (Campbell, 2000). Such was the extent 
of the over-exploitation, that in May 1997, the entire Californian coast was closed to the 
commercial abalone fishery (Leiva & Castilla, 2002). 
The southern California abalone fishery areas suffered from poor management 
decisions based on catch per unit effort (CPUE) data, which had been used as an indicator of 
stock status. However, CPUE for abalone is driven by factors other than stock abundance, and 
appears hyperstable until the biomass in the stock has declined to very low levels i.e. catch 
rates remain high while population abundance has been severely depleted (Prince, 2005).  
 When combined with the tyranny of scale associated with abalone fisheries identified 
by Prince et al. (1998), management strategies are prevented from accurately generating 
reliable stock assessments, as catch and effort data is collected over many micro-stocks, which 
actively reform aggregations around stable points throughout their reef habitats (Prince, 2003). 
Tyranny of scale refers to the disconnection between traditional management strategies, which 
typically operate at scales of 100-1000 km, data collection for and assessment of fisheries (1-
10 km), and the smaller scales exhibited by abalone population dynamics, with functional units 
of stock acting within scales of 10-100 m (Prince, 2005)  
Therefore, CPUE for the Californian abalone fishery strongly reflects diver choice of 
dive sites and is not a good indicator of stock abundance. In fact, unless it is used at the smallest 
of spatial scales (< 100 m) to combat the tyranny of scale, it provides almost no information 
about stock abundance for abalone (Prince & Hilborn, 1998; Prince, 2003). The reliance on 
CPUE failed to forecast future fishery declines, and led to the decimation of the stock 
(Campbell, 2000).  
 In South Africa, abalone fisheries, both aquaculture and capture, are heavily reliant on 
a single commercially exploited species, the South African abalone Haliotis midae, which 
accounts for approximately 90% of the country’s total aquaculture revenue (Difford et al., 
2017). This species has also been significant in capture fisheries, yielding 615 tonnes of capture 
product in the 1995/6 season (Raemaekers et al., 2011). Despite the large international demand 
for this product, slow and variable growth rates result in H. midae taking 3-5 years to reach 
marketable size for a premium return (80 – 100 mm SL) (Vlok et al., 2016). Organised black 
market trade for H. midae has increased greatly since the mid-1990s, with highly organised 
international syndicates responsible for this capture fishery proving to be the most difficult to 
manage in South Africa (Branch & Clark, 2006), and the most criminalised trade of wildlife in 
Africa (Raemaekers & Britz, 2009). 
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The combined effects of the highest global levels of illegal, unreported, and unregulated 
(IUU) fishing (Isaacs & Witbooi, 2019), and the ecological impact of the ‘lobster effect’ (Tarr 
et al., 1996), where juvenile abalone were being preyed upon by the West Coast rock lobster 
(Jasus lalandii) in such numbers that recruitment was severely limited (Raemaekers et al., 
2011), led to the ‘abalone crisis’ of South African abalone capture fisheries. These factors 
resulted in a dramatic reduction in total allowable catch for the fishery from 615 tons in 1995/6 
season to 75 tons in the 2007/8 season, before the commercial fishery was completely closed 
on February 1, 2008 (Raemaekers et al., 2011). 
In Australia, abalone populations remained largely untouched until the mid-1960’s, 
when commercial fishing for abalone began. Catches increase rapidly, reaching > 6,000 tonnes 
in the early 1970s (Figure A1.5), particularly in the southern waters of NSW, Tasmania, 
Victoria, South Australia and Western Australia (Gilmour et al., 2011; Mayfield et al., 2012).  
 
 
Figure A1.5 Reported total commercial abalone catch by species for all Australian states combined 
from 1968 to 2010 (Mayfield et al., 2012). 
 
Tasmania is the largest Australian state based abalone fishery, producing an average of 
1938 t/year of Blacklip and Greenlip Abalone since 2013-14 through both wild caught fisheries 
(96%) and aquaculture (4%), worth $88,503,000 for the 2016-17 season. This production and 
value is almost double the next best producing State, Victoria, who averaged 1143 t/year 
(63.8% wild caught fisheries, 36.2% aquaculture, $39,393,000 value) (Figure A1.6; Mobsby 
& Koduah, 2017; Mobsby, 2018).  
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In 2010 Tasmania abalone from capture fisheries yielded ~2,500 t/year, which is > 55% 
of Australian abalone production and > 25% of global wild caught abalone production (Cook 
& Gordon, 2010). The strength of this abalone fishery has led to significant research efforts 
since the 1960’s (Mundy & Jones, 2017), which has led to management decisions aimed at 
creating sustainable fishing of the abalone stocks, determined by life history parameters such 
as variations in abalone growth, mortality, size at reproductive maturity, morphology, and 
recruitment (Table A1.7; Cook, 2016). 
As an example, in 2002, the Tasmanian eastern zone fishery total allowable commercial 
catch (TACC) was dramatically decreased from 2001 levels, from 1,190 t to 857.5 t (28% 
reduction), triggered by changes reported in the abundance of Blacklip abalone, followed by 
another decrease of 10% the following year to 770 t (Mayfield et al., 2012). Continued 
alterations to TACC are a common management response in the Tasmanian abalone fishery, 
made possible by accurate and fine scaled data collection.  
 
Table A1.7 Biological parameters of the 3 commercially harvested abalone Haliotis spp. harvested in 
Western Australian fisheries, summarised from three sources: Hart et al. (2017); Wells 
and Mulvey (1992); and Strain et al. (2017). 






Average maximum age (years)  10 – 25 * 13 10 
Age at maturity (years)  3 3 2.5 
Mean size at maturity (mm)  120 ^ 97 40 
Maximum size (mm)  250 175 89 
Depth range (m)  1 – 40 1 – 40 < 5 
L50 (mm) (size at 50% maturity)  150.2 148  
L95 (mm) (size at 95% maturity)  160.9 155  
Natural mortality (F, year-1)  0.15 0.15 – 0.25 0.38 
Fecundity (million eggs)  6 ^ 8 8.9 
Length-Fecundity parameters 
(F = aLb) 
a 1.34x10-2 ^ 1.00x10-6 1.98x10-2 
b 3.74 5.48 4.52 
Spawning period  Sept – Nov Spring/Summer Winter (WA) 
Length of larval stage (days)  7 – 8  8 – 10 8 - 10 
Length-Weight parameters 
(W = aLb) 
a 2.00x10-4 * 5.00x10-5 2.00x10-4 
b 2.995 * 3.211 3.002 
Reference  (Strain et al., 2017) (Hart et al., 2017) 
* (Hart et al., 2017): ^ (Wells & Mulvay, 1992) 
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Figure A1.6 Fisheries and aquaculture abalone production each year from 2013-14 to 2016-17 for 
each Australian states (Mobsby & Koduah, 2017; Mobsby, 2018). 
 
A1.7 Evaluating the growth of fisheries species 
The growth of animals is described in terms of changes in length, width, or any other linear 
dimension as well as weight. During the early life stages in the life-history, growth is 
concentrated in somatic tissue which confers a number of advantages to an individual, 
including a reduction in predation with increasing size and reaching a size when growth can be 
invested into reproduction more quickly. On reaching maturity, species with indeterminate 
growth like abalone, start investing significant energy into gonad development, which typically 
coincides with a slowing of the individuals’ growth in length (King, 2013; Prince et al., 2015). 
As individuals increase in size, their vulnerability to predation mortality decreases, as abalone 
develop stronger shells and are able to form a stronger attachment to the substratum (Prince et 
al., 1988c). Larger individuals can also store more energy, and are thus are less susceptible to 
fluctuations in food supply, and show an increased tolerance to environmental extremes than 
smaller individuals (Jennings et al., 2009). 
 Estimating growth is a fundamental component of fisheries science in understanding 
the potential yields of capture fisheries, and the likely returns from aquaculture and sea 
ranching operations. It also provides important parameters for stock assessment models, which 
lead to predictions of how stocks will respond to management actions, and ultimately assessing 
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(2015) explored the relationship between growth and life-time reproduction using a meta-
analysis of the Beverton-Holt life-history ratios for ~125 marine species. First described by 
Beverton and Holt (1959), the ratios outline the relationships between the instantaneous natural 
mortality (M) and the von Bertalanffy (1938) growth rate constant (k) (M/k), length at maturity 
(Lm) and asymptotic length (Linf) (Lm/ Linf), and M and the age at maturity (Tm) (M x Tm). Initial 
research on northern hemisphere species, mainly in the family Clupeidae, indicated that M/k 
was 1.5 and Lm/Linf was ~0.66 for many species, and these ratios began to be referred to as the 
Beverton-Holt life-history invariants (BH-LHI) (Charnov, 1993; Prince et al., 2015). However, 
the meta-analysis by Prince et al. (2015) found large differences in the BH-LHI ratios across 
species and identified three major classes of species:  
1. Type I species have an M/k ratio of > 1.0, display indeterminate growth and begin 
reproduction at relatively small sizes, with unfished populations dominated by juvenile 
size classes; 
2. Type II species have an M/k ratio of < 1.0 and display indeterminate growth, and; 
3. Type III species have an M/k ratio of < 1.0 and display determinate growth, with both 
Type II and Type III species not reproducing until growth is almost complete, with 
unfished populations dominated by distinct adult size classes (Prince et al., 2015). 
Greenlip Abalone (H. laevigata) was categorised as a Type II species with a mean M/k of 0.53 
(0.14 – 0.84) and Lm/Linf of 0.55 (0.34 – 0.80) (Prince et al., 2015). Type II species typically do 
not reproduce until growth is almost complete, with 70% of their spawning per recruit (SPR) 
achieved at sizes of > 80% of the asymptotic size. 
 
A1.7.1 Measuring growth 
Stock biomass is mainly increased by the combination of recruitment to the population, and 
the growth of individuals already in the population (Haddon, 2011), particularly for abalone 
given their limited dispersal capacity (Prince et al., 1987; Temby et al., 2007; Miller et al., 
2016). Thus, growth information is critically important in almost every aspect of abalone 
fisheries (Hart et al., 2002). 
 
A1.7.1.1 Length-based methods 
The simplest method for generating a growth curve for a population is by measuring the size 
distribution of the population through time, and examining changes in modal size (modal 
progression) (Haddon, 2011), a much easier method than age-structured models for hard to age 
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species like abalone (Punt et al., 2016). Its ease of use and low cost make it a method applicable 
to small-scale, data-limited fisheries (Hordyk et al., 2015a). Length frequency data have been 
collected for modal progression studies for many years (Fournier & Breen, 1983; Sullivan et 
al., 1990), with each step within a size-structured modal progression representing a unique size 
class within the population (Punt et al., 2016). Typically, length-based estimates of growth are 
used for stock assessments when (1) either there are no data on the age-structure or the 
removals from the population are unknown, (2) many of the key biological processes (growth, 
selectivity, natural mortality and fecundity) are size rather than age dependant, and/or (3) if 
there is concern about size-selective mortality on the distribution of length-at-age (Haddon & 
Helidoniotis, 2013). 
 As with any sampling regime, obtaining random samples from the population that 
accurately reflect the size structure found within the population will improve the accuracy of 
the length-frequency analyses. The growth curves generated from length data reflect the size 
range collected and may be inaccurate if used to estimate lengths outside this size (King, 2013). 
Another consideration for length-frequency modal progression studies, is the need for 
considerable amounts of data in order to generate a sufficiently accurate growth curve, Hordyk 
et al. (2015a) suggest that sample sizes of at least 1,000 length measurements are required to 
capture the essential characteristics of the length composition of a stock, with smaller data sets 
having greater variability and offering a range of possible growth curves which fit the data 
equally well (King, 2013; Punt et al., 2013). 
 
A1.7.1.2 Mark-recapture studies 
Mark-recapture studies using physical tags are a common technique used by researchers in the 
field to estimate growth of aquatic species (Lloyd-Jones et al., 2014). A variety of tagging 
procedures may be used e.g. abalone have been tagged with individually numbered plastic discs 
(a) attached to the shells via a nylon rivet to one of the respiratory pores (Prince, 1991), (b) 
attached by a spring backed tag to the outer growing edge of the abalones shell (Hart et al., 
2013b), and (c) glued to the outside of the shell (Hansen & Gosselin, 2013; Hart et al., 2013b). 
In theory, mark-recapture studies allow the researcher to gain a better description of each 
individuals’ growth trajectory through time, improving growth estimates with the increasing 
number of growth snapshots through recaptures, and better allowing the influence of other 
variables on growth, covariates such as season, to be investigated (Lloyd-Jones et al., 2014). 
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 Potential difficulties faced when estimating growth from mark-recapture techniques 
may be due to an effect of the tagging process and/or the types of tag used on the individual 
e.g. impeding growth (McShane et al., 1988a; Wang, 1998), changing behaviour of the tagged 
individual leading to an increase in mortality. Along with the biological and spatial 
heterogeneity common in abalone metapopulations (Punt et al., 2016), sampling efforts that do 
not return a truly representative sample of the whole population, will result in biased results 
where the proportion of larger animals landed are unable to be predicted by the size-based stock 
assessment model (Haddon et al., 2014). 
 In Western Australian commercial Greenlip Abalone capture fisheries, data on shell 
lengths are obtained from divers through scientifically designed digital video surveys (Hart et 
al., 2008), and by examining a random sample of abalone shells harvested from each day’s 
fishing (Hart et al., 2013d). These data are then used to estimate mean length and population 
length frequencies, with shell lengths converted to meat and whole weight using length-weight 
relationships, developed for each fishery area, in an effort to track the growth progressions of 
the populations (Hart et al., 2013d). 
 In aquaculture, growth is assessed by both total weight and shell length taken at varying 
time intervals during different studies, with individual abalone carefully removed from the 
aquaculture runways and measured (Park et al., 2008; Stenton-Dozey et al., 2020). 
 
A1.7.2 Models of growth 
Though various methods have been used to estimate the growth of aquatic animals, the most 
commonly used method is the von Bertalanffy growth equation (VBGE, Table A1.8; Hart et 
al., 2013c). The VGBE fits well to many species and has three parameters: L – the asymptotic 
length; k – the relative growth rate to reach the asymptotic length; and t0 – the theoretical age 
at length 0 (Table A1.8). This curve typically shows rapid juvenile growth before it slows as 
the individuals near their L (Figure A1.7b; Hordyk et al., 2015b). The estimation of juvenile 
abalone growth has led researchers to question the accuracy of the VBGE for abalone species, 
with Haddon et al. (2008) showing that for Blacklip Abalone (Haliotis rubra) in Tasmania, 
juvenile abalone growth from 10 to 70 mm shell length is linear and that the VBGE and 
Gompertz models did not provide the best fit to the data. This led to the development of the 
inverse-logistic growth model (Figure A1.7a), which incorporates constant growth rates for 
smaller juvenile size classes, and therefore gives a more realistic representation of the dynamics 
of abalone growth throughout all stages of their life history (Helidoniotis et al., 2011). This 
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model includes an additional parameter t3 – the inflection point of the sigmoidal curve (Table 
A1.8), which represents the point of maximal growth (Frazier & Wang, 2013). For the Blacklip 
Abalone of Tasmania, Prince (2005) showed that growth is better described by a sigmoidal 
curve such as the Gompertz model (Figure A1.7a), or alternatively, with a piecewise fit with 
linear growth up to a von Bertalanffy curve describing adult growth. This fits those species 
where growth is slow in the early life-history stages and also slows at larger sizes (Figure 
A1.7c). The Gompertz growth model has two additional parameters to those of the VGBE: k1 
– rate of exponential decrease of the relative growth rate with age; and t2 – the theoretical initial 
relative growth rate at age zero (Table A1.8).  
 




Figure A1.7 Generalised form of different growth curves (a) General form of the Logistic population 
growth curve over time showing the inflection point as the area of fastest growth rate 
(Tsikliras & Froese, 2018), (b) the standardised von Bertalanffy growth curves for “fish” 
with M/k ratios ranging from 0.3 to 2.3, and (c) a visual representation of the 
theoretical growth curves generated from the von Bertalanffy and Gompertz growth 
models (Doll & Jacquemin, 2019). On (b), The Beverton-Holt “Life-History Invariant” 
(BH-LHI) of M/k = 1.5 is shown in bold (Hordyk et al., 2015b). Mean M/k for Greenlip 
Abalone = 0.55 (Prince et al., 2015) 
 
 The VGBE, inverse logistic and Gompertz growth model have been compared using 
the same data sets, using multi-model inference (MMI) based on information theory, to 
determine the validity of using the von Bertalanffy growth model (VGBM) as an a priori 
default, when studying fish growth (Katsanevakis & Maravelias, 2008). Multiple-model 
inference works by minimising the small-sample, bias-corrected Akaike information criterion, 
from which the Akaike weight of each model was calculated to quantify the plausibility of each 
model. Katsanevakis and Maravelias (2008) found that the VGBE was most often selected as 
the best model (34.6%), followed by the logistic (24.8%), and finally the Gompertz model 
(10.5%). They found that the estimated L∞ was always larger from the VGBE than the 
Gompertz by 16.4%, which in turn was 5.2% larger than that estimated by the Logistic model. 
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 Further studies by Helidoniotis et al. (2011) on Blacklip Abalone (Haliotis rubra) 
populations in Tasmania revealed that the inverse logistic model was the best fit in 78% (21 of 
27) of the mark-recapture samples, with the VBGE and the Gompertz model both being best 
for 11% (3 of 27 each). Both the VBGE and the Gompertz model did not accurately describe 
juvenile abalone growth, with the VBGE predicting a linear decline in growth rate as small 
juveniles get bigger, and the Gompertz model predicting growth rates that initially increase for 
small juveniles before they too decline (Helidoniotis et al., 2011). 
 
Table A1.8 Growth model equations and their parameters for the von Bertalanffy, Gompertz and 
Logistic growth equations. 
Growth model Equation Reference 
von Bertalanffy 𝐿(𝑡)  =  𝐿∞(1 −  ℯ
−𝑘(𝑡−𝑡1)) (Jennings et al., 2009) 
Gompertz 𝐿(𝑡)  =  𝐿∞exp(−ℯ
−𝑘1(𝑡−𝑡2)) (Katsanevakis & Maravelias, 2008) 
Logistic 𝐿(𝑡)  =  𝐿∞(1 +  ℯ
−𝑘(𝑡−𝑡3))−1 (Katsanevakis & Maravelias, 2008) 
𝐿𝑡 = length at age. 
𝐿∞ = asymptotic length (growth rate is theoretically zero). 
𝑘 = relative growth rate to the asymptotic length (year-1). 
𝑡1 = age when individual fish would have been zero length. 
𝑘1 = rate of exponential decrease of the relative growth rate with age (year
-1). 
𝑡2 = (𝐼𝑛 − 𝐼𝑛𝑘2)/𝑘2. The theoretical initial relative growth rate at age zero.  
 = theoretical initial relative growth rate at zero age (year-1). 
𝑡3 = the inflection point of the sigmoidal curve. 
 
Though not always the best fit for abalone data, the VBGE may still provide useful 
comparisons between studies given its extensive use throughout the literature (Katsanevakis & 
Maravelias, 2008; Helidoniotis et al., 2011). Abalone populations show significant variation in 
growth between and among wild populations, with some stunted and fast growing 
“populations” found within all abalone fisheries (Wells & Mulvay, 1995; Table A1.9). To 
ensure sustainable fishing is taking place that protects the long term economic success of 
abalone fisheries, growth characteristics of different populations are studied to ensure correct 
harvest strategies are employed that take into account this growth heterogeneity (Hart et al., 
2013d). For example, VBGE estimates for H. laevigata have found estimates for L∞ ranging 
from 124.4 mm shell length in Puncheon Island, Tasmania to 178.4 mm in Flinders Bay, 
Western Australia, with estimates of k ranging from 0.33 (Hoptoun, WA) to 0.55 (Augusta, 
WA) (Table A1.9). The average values for these parameters across all studies were 155.8 mm 
for L∞ and 0.428 for k (Table A1.9), which highlights the importance of estimating growth in 
local areas to be able to understand the dynamics of these populations and their resilience to 
fishing.  
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Table A1.9 von Bertalanffy growth parameters of the Type II Haliotis laevigata from different stocks 
from different regions. L∞ is the asymptotic length, k is the growth rate per year, t0 is the 








South Australia       
West Island 137.9 0.48 - - 
1965 - 74 (Shepherd & Hearn, 1983) 
Tipara Reef 130.8 0.41 - - 
Mean  





    
       
Western Australia       
Augusta (Flinders Bay) 178.4 0.61 2.62 - 2011 - 13 (Melville-Smith et al., 
2013) 
Augusta (Flinders Bay) 165 0.36 - 0.25 
Up to 
2011/12 
(Hart et al., 2013d) Augusta (Outback) 170 0.55 - 0.25 
Hopetoun 145 0.33 - 0.25 
Augusta, Esperance & 
Hopetoun 
166.1 0.42 0.69 - 1990 (Wells & Mulvay, 1995) 
Mean  





    
       
Tasmania       
Great Dog Island  164.5 0.33 0 0.11 
1998 (Officer, 1999) 
North Pascoe Island 144.3 0.40 0 0.11 
Preservation Island 161.2 0.43 0 0.11 
Puncheon Island 124.4 0.37 0 0.11 
Cowper Point 177.1 0.42 0 - 
Lizzy Rocks 160.2 0.46 0 - 
Mean  





    
 
A1.7.3 Economic returns  
Through ecologically sustainable fisheries management strategies, Australia’s Commonwealth 
managed fisheries stated objective is to maximise the net economic returns to the Australian 
community whilst maintaining key commercial fish stocks (Department of Agriculture and 
Water Resources, 2018). In Western Australia’s abalone fishery, a harvest strategy has been 
devised that focuses on achieving ecological sustainability, while delivering economic and 
social benefits (Department of Fisheries, 2017). The management measures used in abalone 
fisheries include limited licenses, species restriction limiting fishers to taking Brownlip, 
Greenlip and Roe’s abalone, management areas, minimum size limits, spatial and temporal 
restrictions, and catch allocations (Hart et al., 2017). The stock status of abalone in Western 
Australian fisheries are assessed using a weight-of-evidence approach that considers all 
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available fishery-dependent and fishery-independent data. The performance of the Greenlip 
Abalone fishery is assessed annually, largely from monitoring of the standardised fishery-
dependent catch rates in their relevant management zones within the fishery. These commercial 
catch rates are calculated from catch and effort data supplied by commercial fishers in their 
daily logbooks (Department of Fisheries, 2017). The data is standardised using a generalised 
linear modelling approach, with a three-year moving average of the standardised catch rate 
used as the annual performance indicator (PI) to account for annual fluctuations in abundance 
resulting from recruitment variability, environmental influences and one-off anomalous 
interferences (Hart et al., 2009). The PI is then compared against the area-specific reference 
levels to determine the performance measures (PM) for each area, highlighting the progress 
against the management objective. Hart et al. (2009) has summarised the PI, PM and indicators 
as follows (Figure A1.8): 
• A PM defines the progress against a management objective, and is the measure of where 
a PI sits in relations to a biological reference point (BRP). Feeds into the management 
decision making. 
• The PI is a direct observation or an output of an assessment model. 
• The BRP define particular levels of an indicator. In Western Australian abalone 
fisheries case, the limit is where you don’t want to be, the threshold is the minimum 
level above which the PI needs to be, and the target defines the optimum state of the 
fishery. 
The BRPs for Greenlip Abalone BRPs are determined from commercial catch rates observed 
in each relevant management area during the reference period of 1992-2000 (Department of 
Fisheries, 2017).  
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Figure A1.8 Conceptual diagram showing the relationship between performance indicators, 
performance measures and biological reference points (BRPs) as used in the 
management of Western Australian abalone fisheries (Hart et al., 2009). 
 
Assessing the growth rate of the population is used to understand the biological impacts 
of fishing a stock at the current, or proposed, fishing effort, from which the capacity of the 
stock to recover from depletion is determined (Hart et al., 2017). From these modelling 
scenarios, bioeconomic evaluations provide information to ensure that fisheries management 
can optimise strategies to best comply with Government mandates of ecologically sustainable, 
profitable fisheries (Hart et al., 2013a). In an economic evaluation carried out by Hart et al. 
(2013a) using the EnhanceFish model (Lorenzen & Medley, 2006), the financial viability of a 
commercial scale stock enhancement for H. laevigata in Australia was assessed. The results 
from this study indicated that under most stock enhancement scenarios, enhancement was 
profitable and would lead to an increase in spawning biomass and mortality, with the results 
from the model being most sensitive to variation in size-at-release and harvest price. 
 
A1.8 Conclusions 
Abalone are being increasingly produced through aquaculture so that production by 
aquaculture now far surpasses that from capture fisheries. Their sedentary nature and use of 
limited habitats makes them particularly suited to release programs combined with growing 
them on artificial habitats, i.e. sea ranching, to overcome habitat and recruitment limitation. 
Research is now turning to marine stock enhancement strategies to compensate for declines in 
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abalone production in a bid to decrease the costs associated with onshore aquaculture, whilst 
maintaining harvest production i.e. combining aquaculture-based enhancement with artificial 
habitat enhancement. The results from economic evaluations suggest that mortality, seeding 
size, and harvest price are the most significant factors effecting the economic viability of 
abalone enhancement.  
 Establishing the potential growth rates of the abalone for sea ranching is fundamental 
for evaluating the potential economic returns because of the extreme plasticity in their growth 
rates. Thus, each fishing stock, or proposed new site, must undergo extensive research before 
being declared an appropriate site for marine stock enhancement, as previous studies of stocks 
that are considered geographically close or genetically similar, can be remarkably different in 
comparison.  
 In addition, debate still surrounds the growth model that best describes growth for 
abalone, with the more recent Inverse-logistic model being a better fitting model for the 
majority of Haliotis rubra populations in Tasmania than the von Bertalanffy and Gompertz 
growth models. These latter two models did not describe the early juvenile growth (10 – 70 
mm) as accurately as the inverse logistic model, which incorporates constant growth rates in 
smaller juvenile size classes (10 – 70 mm) and provides a better fit for these early life-history 
stages. The value of the Inverse-logistic model for describing H. rubra growth in Tasmania 
suggests that it should be explored for estimating H. laevigata growth in Western Australia. 
  
  109 
A1.9 References 
Aguirre, J. D., & McNaught, D. C. (2011). Habitat Modification Affects Recruitment of 
Abalone in Central New Zealand. Marine Biology, 158(3), 505-513. 
Ahmed, N., Thompson, S., & Glaser, M. (2018). Global Aquaculture Productivity, 
Environmental Sustainability, and Climate Change Adaptability. Environmental 
management (New York), 63(2), 159-172. 
Allaby, M. (2014). Gastropoda: Oxford University Press. 
Allen, V. J., Marsden, I. D., Ragg, N. L. C., & Gieseg, S. (2006). The Effects of Tactile 
Stimulants on Feeding, Growth, Behaviour, and Meat Quality of Cultured Blackfoot 
Abalone, Haliotis Iris. Aquaculture, 257(1-4), 294-308. 
Appleyard, S. A., Carr, N. A., & Elliott, N. G. (2009). Molecular Analyses Indicate 
Homogenous Structure of Abalone across Morphologically Different Haliotis Rubra 
Collections in South Australia. Journal of Shellfish Research, 28, 609-616. 
Bansemer, M. S., Harris, J. O., Qin, J. G., Adams, L. R., Duong, D. N., & Stone, D. A. 
(2015). Growth and Feed Utilisation of Juvenile Greenlip Abalone (Haliotis 
Laevigata) in Response to Water Temperatures and Increasing Dietary Protein Levels. 
Aquaculture, 436, 13-20. 
Bayramoglu, B., Bayramoglu, B., Copeland, B. R., & Jacques, J. F. (2018). Trade and 
Fisheries Subsidies. Journal of International Economics, 112, 13-32. 
Bell, J. D., Munro, J. L., Nash, W. J., Rothlisberg, P. C., Loneragan, N. R., Ward, R. D., & 
Andrew, N. R. (2005). Restocking and Stock Enhancement of Marine Invertebrate 
Fisheries. Advances in Marine Biology, 49. 
Bell, J. D., Leber, K. M., Blankenship, H. L., Loneragan, N. R., & Masuda, R. (2008). A 
New Era for Restocking, Stock Enhancement and Sea Ranching of Coastal Fisheries 
Resources. Reviews in Fisheries Science, 16(1-3), 1-9. 
Benson, B. B., & Krause Jr, D. (1980). The Concentration and Isotopic Fractionation of 
Gases Dissolved in Freshwater in Equilibrium with the Atmosphere. 1. Oxygen. 
Limnology and Oceanography, 25(4), 662-671. 
Beverton, R., & Holt, S. J. (1959). A Review of the Lifespans and Mortality Rates of Fish in 
Nature and the Relation to Growth and Other Physiological Characteristics. Ciba 
Foundation Symposia, 5, 142-177. 
Blamey, L., Branch, G., & Reaugh-Flower, K. (2010). Temporal Changes in Kelp Forest 
Benthic Communities Following an Invasion by the Rock Lobster Jasus Lalandii. 
African Journal of Marine Science, 32(3), 481-490. 
Blaxter, J. H. S. (2000). The Enhancement of Marine Fish Stocks. Advances in Marine 
Biology, 38, 1-54. 
Branch, G. M., & Clark, B. M. (2006). Fish Stocks and Their Management: The Changing 
Face of Fisheries in South Africa. Marine Policy, 30(1), 3-17. 
Britz, P. J., Hecht, T., & Mangold, S. (1997). Effect of Temperature on Growth, Feed 
Consumption and Nutritional Indices of Haliotis Midae Fed a Formulated Diet. 
Aquaculture, 152(1), 191-203. 
Buss, J. J., Jones, D. A., Lumsden, A., Harris, J. O., Bansemer, M. S., & Stone, D. A. J. 
(2015). Restricting Feed Ration Has More Effect Than Diet Type on the Feeding 
Behaviour of Greenlip Abalone Haliotis Laevigata. Marine and Freshwater 
Behaviour and Physiology, 48(1), 51-70. 
Buss, J. J., Harris, J. O., Currie, K. L., & Stone, D. A. J. (2017). Survival and Feeding of 
Greenlip Abalone (Haliotis Laevigata) in Response to a Commercially Available 
Dietary Additive at High Water Temperature. Journal of Shellfish Research, 36(3), 
763-770. 
  110 
Cadrin, S. X., Kerr, L. A., & Mariani, S. (2013). Stock Identification Methods: Applications 
in Fishery Science. Academic Press. 
Campbell, A. (2000). Workshop on Rebuilding Abalone Stocks in British Columbia Canadian 
Special Publication of Fisheries and Aquataquatic Sciences No. 130. NRC Research 
Press. 
Caputi, N., Kangas, M. I., Chandrapavan, A., Hart, A., Feng, M., Marin, M., & de Lestang, S. 
(2019). Factors Affecting the Recovery of Invertebrate Stocks from the 2011 Western 
Australian Extreme Marine Heatwave. Frontiers in Marine Science, 6, 484. 
Charnov, E. L. (1993). Life History Invariants: Some Explorations of Symmetry in 
Evolutionary Ecology (Vol. 6). Oxford University Press, USA. 
Clobert, J., Baguette, M., Benton, T. G., Bullock, J. M., & Ducatez, S. (2012). Dispersal 
Ecology and Evolution. Oxford, United Kingdom. Oxford University Press USA - 
OSO. 
Cockcroft, A., Van Zyl, D., & Hutchings, L. (2008). Large-Scale Changes in the Spatial 
Distribution of South African West Coast Rock Lobsters: An Overview. African 
Journal of Marine Science, 30(1), 149-159. 
Cook, P. A., & Gordon, H. R. (2010). World Abalone Supply, Markets, and Pricing. Journal 
of Shellfish Research, 29(3), 569-571. 
Cook, P. A. (2016). Recent Trends in Worldwide Abalone Production. Journal of Shellfish 
Research, 35(3), 581-583. 
Crosson, L. M., Lottsfeldt, N. S., Weavil‐Abueg, M. E., & Friedman, C. S. (2020). Abalone 
Withering Syndrome Disease Dynamics: Infectious Dose and Temporal Stability in 
Seawater. Journal of Aquatic Animal Health. 
Dadar, M., Dadar, M., Dhama, K., Dhama, K., Vakharia, V. N., Hoseinifar, S. H., Karthik, 
K., Karthik, K., Tiwari, R., Khandia, R., Khandia, R., Munjal, A., Munjal, A., 
Salgado-Miranda, C., & Joshi, S. K. (2017). Advances in Aquaculture Vaccines 
against Fish Pathogens: Global Status and Current Trends. Reviews in Fisheries 
Science & Aquaculture, 25(3), 184-217. 
DAFF, D. o. A., Forestry, and Fisheries). (2013). South Africa’s Aquaculture Yearbook 
2013. Daff, Annual Technical Report, Republic of South Africa. 
Daume, S., & Ryan, S. (2004). Nursery Culture of the Abalone Haliotis Laevigata: Larval 
Settlement and Juvenile Production Using Cultured Algae or Formulated Feed. 
Journal of Shellfish Research, 23(4), 1019. 
Davis, C. P., & Carrington, C. G. (2005). An Efficient Water Conditioning System for Land-
Based Abalone Aquaculture. International Journal of Energy Research, 29(3), 265-
282. 
Day, E. G., & Branch, G. M. (2002). Influences of the Sea Urchin Parechinus Angulosus 
(Leske) on the Feeding Behaviour and Activity Rhythms of Juveniles of the South 
African Abalone Haliotis Midae Linn. Journal of Experimental Marine Biology and 
Ecology, 276(1), 1-17. 
Department of Agriculture and Water Resources. (2018). Commenwealth Fisheries Harvest 
Strategy Policy, CC BY 4.0, Canberra. 
Department of Fisheries. (2017). Abalone Resource of Western Australia Harvest Strategy. 
Fisheries Management Paper, No. 283. Department of Fisheries, Western Australia. 
Difford, G. F., Vlok, A. C., Rhode, C., & Brink, D. (2017). Heritability of Growth Traits in 
South African Abalone (Haliotis Midae L.) Using the ‘Internal Reference’ Method. 
Aquaculture, 468, 451-457. 
Dixon, C. D., Day, R. W., Huchette, S. M. H., & Shepherd, S. A. (2006). Successful Seeding 
of Hatchery-Produced Juvenile Greenlip Abalone to Restore Wild Stocks. Fisheries 
Research, 78(2), 179-185. 
  111 
Doll, J. C., & Jacquemin, S. J. (2019). Bayesian Model Selection in Fisheries Management 
and Ecology. Journal of Fish and Wildlife Management, 10(2), 691-707. 
Dominik, S., Henshall, J. M., Kube, P. D., & Elliott, N. G. (2013). Can Greenlip (Haliotis 
Laevigata) Abalone Breeding Programs Tolerate Fluctuations in Reproductive 
Performance? Journal of Shellfish Research, 32(1), 155-160. 
Evans, F., & Langdon, C. J. (2000). Co-Culture of Dulse Palmaria Mollis and Red Abalone 
Haliotis Rufescens under Limited Flow Conditions. Aquaculture, 185(1-2), 137-158. 
FAO. (2018). The State of World Fisheries and Aquaculture 2018 - Opportunities and 
Challenges, Rome: Food and Agriculture Organization of the United Nations. 
FAO. (2020). The State of World Fisheries and Aquaculture 2020. Sustainability in Action: 
FAO Rome, Italy. 
Fournier, D., & Breen, P. (1983). Estimation of Abalone Mortality Rates with Growth 
Analysis. Transactions of the American Fisheries Society, 112, 403-411. 
Frazier, A., & Wang, L. (2013). Modeling Landscape Structure Response across a Gradient 
of Land Cover Intensity. Landscape Ecology, 28, 233-246. 
Geiger, D. L. (2000). Distribution and Biogeography of the Recent Haliotidae World-Wide. 
(Gastropoda: Vetigastropoda). Bollettino Malacologico(35), 57-118. 
Gilmour, P. W., Dwyer, P. D., & Day, R. W. (2011). Beyond Individual Quotas: The Role of 
Trust and Cooperation in Promoting Stewardship of Five Australian Abalone 
Fisheries. Marine Policy, 35(5), 692-702. 
Gilroy, A., & Edwards, S. J. (1998). Optimum Temperature for Growth of Australian 
Abalone: Preferred Temperature and Critical Thermal Maximum for Blacklip 
Abalone, Haliotis Rubra (Leach), and Greenlip Abalone, Haliotis Laevigata (Leach). 
Aquaculture Research, 29(7), 481-485. 
Gorfine, H., Thomson, J., Spring, D., & Cleland, M. (2018). Modelling Trends Including 
Effects of Natural Disturbance in an Abalone Dive Fishery in Australia. Natural 
Resource Modeling, 31(3), 1-27. 
Gorfine, H., Officer, R., & Dixon, C. (1998). Movement and Re-Aggregation of Blacklip 
Abalone in Response to Intensive Fishing. Final report to Fisheries Research and 
Development Corporation (FRDC Project 99/165). Marine and Freshwater 
Resources Institute, Queenscliff, Australia. 
Grant, W. S., Jasper, J., Bekkevold, D., & Adkison, M. (2017). Responsible Genetic 
Approach to Stock Restoration, Sea Ranching and Stock Enhancement of Marine 
Fishes and Invertebrates. Reviews in Fish Biology and Fisheries, 27(3), 615-649. 
Greenwell, C. a. (2017). Octopus as Predators of Haliotis Laevigata on an Abalone Sea 
Ranch of South-Western Australia. 
Greenwell, C. N., Loneragan, N. R., Admiraal, R., Tweedley, J. R., & Wall, M. (2019a). 
Octopus as Predators of Abalone on a Sea Ranch. Fisheries management and ecology, 
26(2), 108-118. 
Greenwell, C. N., Loneragan, N. R., Tweedley, J. R., & Wall, M. (2019b). Diet and Trophic 
Role of Octopus on an Abalone Sea Ranch. Fisheries management and ecology, 
26(6), 638-649. 
Grubert, M. A., & Ritar, A. J. (2004). The Effect of Temperature on the Embryonic and 
Larval Development of Blacklip (Haliotis Rubra) and Greenlip (H. Laevigata) 
Abalone. Invertebrate Reproduction & Development, 45(3), 197-203. 
Haddon, M., Mayfield, S., Helidoniotis, F., Chick, R., & Mundy, C. (2014). Identification 
and Evaluation of Performance Indicators for Abalone Fisheries. Government of New 
Zealand Project(2007/020). 
  112 
Haddon, M., Mundy, C., & Tarbath, D. (2008). Using an Inverse-Logistic Model to Describe 
Growth Increments of Blacklip Abalone (Haliotis Rubra) in Tasmania. Fishery 
Bulletin, 106, 58-71. 
Haddon, M., & Helidoniotis, F. (2013). Legal Minimum Lengths and the Management of 
Abalone Fisheries. Journal of Shellfish Research, 32(1), 197-208. 
Haddon, M. (2011). Modelling and Quantitative Methods in Fisheries (2nd ed.). CRC Press. 
Hale, J., Bouma, J., Vadopalas, B., & Friedman, C. (2012). Evaluation of Passive Integrated 
Transponders for Abalone: Tag Placement, Retention, and Effect on Survival. Journal 
of Shellfish Research, 31(3), 789-794. 
Hansen, S. C., & Gosselin, L. A. (2013). Do Predators, Handling Stress or Field Acclimation 
Periods Influence the Survivorship of Hatchery‐Reared Abalone Haliotis 
Kamtschatkana Outplanted into Natural Habitats? Aquatic Conservation: Marine and 
Freshwater Ecosystems, 23(2), 246-253. 
Hardin, G. (1968). The Tragedy of the Commons. Science, 162(3859), 1243-1248. 
Harris, J. O., Maguire, G. B., Edwards, S., & Hindrum, S. M. (1998). Effect of Ammonia on 
the Growth Rate and Oxygen Consumption of Juvenile Greenlip Abalone, Haliotis 
Laevigata Donovan. Aquaculture, 160(3-4), 259-272. 
Harris, J. O., B. Maguire, G., Edwards, S. J., & Johns, D. R. (1999). Low Dissolved Oxygen 
Reduces Growth Rate and Oxygen Consumption Rate of Juvenile Greenlip Abalone, 
Haliotis Laevigata Donovan. Aquaculture, 174(3), 265-278. 
Harris, J. O., Burke, C. M., Edwards, S. J., & Johns, D. R. (2005). Effects of Oxygen 
Supersaturation and Temperature on Juvenile Greenlip, Haliotis Laevigata Donovan, 
and Blacklip, Haliotis Rubra Leach, Abalone. Aquaculture Research, 36(14), 1400-
1407. 
Hart, A., Strain, L., & Hesp, S. (2013a). Stock Enhancement in Greenlip Abalone Part Iii: 
Bioeconomic Evaluation. Reviews in Fisheries Science, 21(3-4), 354-374. 
Hart, A. M., Strain, L. W., Hesp, A., Fisher, E., Webster, F., Brand-Gardner, S., & Walter, S. 
(2017). Marine Stewardship Council Full Assessment Report Western Australian 
Abalone Managed Fishery. Department of Fisheries. 
Hart, A. M., Strain, L. W. S., Fabris, F., Brown, J., & Davidson, M. (2013b). Stock 
Enhancement in Greenlip Abalone Part I: Long-Term Growth and Survival. Reviews 
in Fisheries Science: Fourth International Symposium on Stock Enhancement and Sea 
Ranching, 21(3-4), 299-309. 
Hart, A. M., Fabris, F., Strain, L. W., Davidson, M., & Brown, J. (2013c). Stock 
Enhancement in Greenlip Abalone Part Ii: Population and Ecological Effects. Reviews 
in Fisheries Science, 21(3-4), 310-320. 
Hart, A. M., Fabris, F. P., Brown, J., & Murphy, D. (2008). Digital Video Surveys of 
Abalone (Haliotis Sp.) Stocks by Commercial Fishers in Western Australia. Fisheries 
Research, 93(3), 305-314. 
Hart, A. M., Caputi, N., & Fabris, F. (2009). Performance Indicators, Biological Reference 
Points, and Decision Rules for Western Australian Abalone Fisheries (Haliotis Sp.).: 
Standardised Catch Per Unit Effort, Fisheries Research Report No. 185. Western 
Australia. 
Hart, A. M., Brown, J., & Caputi, N. (2013d). Biology, History and Assessment of Western 
Australian Abalone Fisheries. 
Hart, A. M., & Strain, L. W. (2016). Bioeconomic Evaluation of Commercial-Scale Stock 
Enhancement in Abalone. Government of Western Australia, Department of Fisheries. 
Hart, A. M. (2015). Commercial Scale Invertebrate Fisheries Enhancement in Australia: 
Experiences, Challenges and Opportunities. Marine Policy, 62, 82-93. 
  113 
Hart, L. C., Goodman, M. C., Walter, R. K., Rogers-Bennett, L., Shum, P., Garrett, A. D., 
Watanabe, J. M., & O'leary, J. K. (2020). Abalone Recruitment in Low-Density and 
Aggregated Populations Facing Climatic Stress. Journal of Shellfish Research, 39(2), 
359-373. 
Hart, P. J. B., Reynolds, J. D. P. D., & Ebooks, C. (2002). Handbook of Fish Biology and 
Fisheries. Malden, MA. Blackwell Pub. 
Haszprunar, G., & Wanninger, A. (2012). Molluscs. Current Biology, 22(13), R510-R514. 
Helidoniotis, F., Haddon, M., Tuck, G., & Tarbath, D. (2011). The Relative Suitability of the 
Von Bertalanffy, Gompertz and Inverse Logistic Models for Describing Growth in 
Blacklip Abalone Populations (Haliotis Rubra) in Tasmania, Australia. Fisheries 
Research, 112(1-2), 13-21. 
Hilborn, R. (1998). The Economic Performance of Marine Stock Enhancement Projects. 
Bulletin of Marine Science, 62(2), 661-674. 
Hobday, A. J., Oliver, E. C., Gupta, A. S., Benthuysen, J. A., Burrows, M. T., Donat, M. G., 
Holbrook, N. J., Moore, P. J., Thomsen, M. S., & Wernberg, T. (2018). Categorizing 
and Naming Marine Heatwaves. Oceanography, 31(2), 162-173. 
Hooper, C., Day, R., Slocombe, R., Benkendorff, K., & Handlinger, J. (2011). Effect of 
Movement Stress on Immune Function in Farmed Australian Abalone (Hybrid 
Haliotis Laevigata and Haliotis Rubra). Aquaculture, 315(3-4), 348-354. 
Hordyk, A., Ono, K., Valencia, S., Loneragan, N., & Prince, J. (2015a). A Novel Length-
Based Empirical Estimation Method of Spawning Potential Ratio (Spr), and Tests of 
Its Performance, for Small-Scale, Data-Poor Fisheries. ICES Journal of Marine 
Science, 72(1), 217-231. 
Hordyk, A., Ono, K., Sainsbury, K., Loneragan, N., & Prince, J. (2015b). Some Explorations 
of the Life History Ratios to Describe Length Composition, Spawning-Per-Recruit, 
and the Spawning Potential Ratio. ICES Journal of Marine Science, 72(1), 204-216. 
Huchette, S. M., Koh, C., & Day, R. W. (2003). Growth of Juvenile Blacklip Abalone 
(Haliotis Rubra) in Aquaculture Tanks: Effects of Density and Ammonia. 
Aquaculture, 219(1-4), 457-470. 
Hunt, T. L., Scarborough, H., Giri, K., Douglas, J. W., & Jones, P. (2017). Assessing the 
Cost-Effectiveness of a Fish Stocking Program in a Culture-Based Recreational 
Fishery. Fisheries Research, 186, 468-477. 
Iannone, R., Cheng, J., Schloerke, B. (2020). Gt: Easily Create Presentation-Ready Display 
Table. R Package Version 0.2.2. https://cran.r-project.org/Package=Gt. 
Isaacs, M., & Witbooi, E. (2019). Fisheries Crime, Human Rights and Small-Scale Fisheries 
in South Africa: A Case of Bigger Fish to Fry. Marine Policy, 105, 158-168. 
Island, R. (2011). Escargot of the Sea. Government of Western Australia, Department of 
Fisheries. 
Jardillier, E., Rousseau, M., Gendron-Badou, A., Fröhlich, F., Smith, D. C., Martin, M., 
Helléouet, M. N., Huchette, S., Doumenc, D., & Auzoux-Bordenave, S. (2008). A 
Morphological and Structural Study of the Larval Shell from the Abalone Haliotis 
Tuberculata. Marine Biology, 154(4), 735-744. 
Jennings, S., Kaiser, M., & Reynolds, J. D. (2009). Marine Fisheries Ecology. John Wiley & 
Sons. 
Katsanevakis, S., & Maravelias, C. D. (2008). Modelling Fish Growth: Multi-Model 
Inference as a Better Alternative to a Priori Using Von Bertalanffy Equation. Fish and 
fisheries, 9(2), 178-187. 
Kim, H., Kim, B. H., Son, M. H., Jeon, M. A., Lee, Y. G., & Lee, J. S. (2016). Gonadal 
Development and Reproductive Cycle of Cultured Abalone, Haliotis Discus Hannai 
  114 
(Gastropoda: Haliotidae) in Korea: Implications for Seed Production. Journal of 
Shellfish Research, 35(3), 653-659. 
King, M. (2013). Fisheries Biology, Assessment and Management. John Wiley & Sons. 
Kinlan, B. P., & Gaines, S. D. (2003). Propagule Dispersal in Marine and Terrestrial 
Environments: A Community Perspective. Ecology, 84(8), 2007-2020. 
Kitada, S. (2018). Economic, Ecological and Genetic Impacts of Marine Stock Enhancement 
and Sea Ranching: A Systematic Review. Fish and fisheries, 19(3), 511-532. 
Kleisner, K., Zeller, D., Froese, R., & Pauly, D. (2013). Using Global Catch Data for 
Inferences on the World’s Marine Fisheries. Fish and fisheries, 14(3), 293-311. 
Kong, L., Li, Q., & Qiu, Z. (2007). Genetic and Morphological Differentiation in the Clam 
Coelomactra Antiquata (Bivalvia: Veneroida) Along the Coast of China. Journal of 
Experimental Marine Biology and Ecology, 343(1), 110-117. 
Kube, P., Appleyard, S., & Elliott, N. (2007). Selective Breeding Greenlip Abalone (Haliotis 
Laevigata): Preliminary Results and Issues. Journal of Shellfish Research, 26(3), 821-
824. 
Leitman, A. R. (1989). Gas Supersaturation and Its Effect on the Red Abalone, Haliotis 
Rufescens, (Swainson). (Dissertation/Thesis), ProQuest Dissertations Publishing U6.   
Leiva, G. E., & Castilla, J. C. (2002). A Review of the World Marine Gastropod Fishery: 
Evolution of Catches, Management and the Chilean Experience. Reviews in Fish 
Biology and Fisheries, 11(4), 283-300. 
Lloyd-Jones, L. R., Wang, Y.-G., & Nash, W. J. (2014). Generalised Growth Models for 
Aquatic Species with an Application to Blacklip Abalone (Haliotis Rubra). 
Ecological Modelling, 272, 311-322. 
Loneragan, N. R., Jenkins, G. I., & Taylor, M. D. (2013). Marine Stock Enhancement, 
Restocking, and Sea Ranching in Australia: Future Directions and a Synthesis of Two 
Decades of Research and Development. Reviews in Fisheries Science, 21(3-4), 222-
236. 
Lorenzen, K., Agnalt, A. L., Blankenship, H. L., Hines, A. H., Leber, K. M., Loneragan, N. 
R., & Taylor, M. D. (2013). Evolving Context and Maturing Science: Aquaculture-
Based Enhancement and Restoration Enter the Marine Fisheries Management 
Toolbox. Reviews in Fisheries Science: Fourth International Symposium on Stock 
Enhancement and Sea Ranching, 21(3-4), 213-221. 
Lorenzen, K., Leber, K. M., & Blankenship, H. L. (2010). Responsible Approach to Marine 
Stock Enhancement: An Update. Reviews in Fisheries Science, 18(2), 189-210. 
Lorenzen, K., & Medley, P. (2006). Enhancefish Manual (Beta Release). London, UK: 
Imperial College. 
Maasri, A., Schechner, A. E., Erdenee, B., Dodds, W. K., Chandra, S., Gelhaus, J. K., & 
Thorp, J. H. (2019). Does Diel Variation in Oxygen Influence Taxonomic and 
Functional Diversity of Stream Macroinvertebrates? Freshwater science, 38(4), 692-
701. 
Madikiza, L. (2013). Review and Analysis of the Status of Abolone (Haliotis Midae) Fishery 
in South Africa. United Nations University Fisheries Training Programme, Iceland 
[final project]. 
Mayfield, S., Mundy, C., Gorfine, H., Hart, A. M., & Worthington, D. (2012). Fifty Years of 
Sustained Production from the Australian Abalone Fisheries. Reviews in Fisheries 
Science, 20(4), 220-250. 
Mayfield, S., Miller, K., & Mundy, C. N. (2014). Towards Understanding Greenlip Abalone 
Population Structure: Final Report for the Fisheries Research and Development 
Corporation. 
  115 
McShane, P., Smith, M., & Beinssen, K. (1988a). Growth and Morphometry in Abalone 
(Haliotis Rubra Leach) from Victoria. Marine and Freshwater Research, 39(2). 
McShane, P., & Smith, M. (1988). Measuring Abundance of Juvenile Abalone, Haliotis 
Rubra Leach (Gastropoda: Haliotidae); Comparison of a Novel Method with Two 
Other Methods. Marine and Freshwater Research, 39(3), 331-336. 
McShane, P. E., Black, K. P., & Smith, M. G. (1988b). Recruitment Processes in Haliotis 
Rubra (Mollusca: Gastropoda) and Regional Hydrodynamics in Southeastern 
Australia Imply Localized Dispersal of Larvae. Journal of Experimental Marine 
Biology and Ecology, 124(3), 175-203. 
Melville-Smith, R., Fotedar, R., Pattiaratchi, C., Adams, B., & Hart, A. (2017). Investigating 
Critical Biological Issues for Commercial Greenlip Abalone Sea Ranching in 
Flinders Bay, Western Australia. Fisheries Research and Development Corporation. 
Melville-Smith, R., Adams, B., Wilson, N. J., & Caccetta, L. (2013). Sea Ranching Trials for 
Commercial Production of Greenlip (Haliotis Laevigata) Abalone in Western 
Australia. Final report to the Fisheries Research and Development Corporation, 
FRDC Project(2012/220), 60pp. 
Mendoza-Porras, O., Botwright, N. A., Reverter, A., Cook, M. T., Harris, J. O., Wijffels, G., 
& Colgrave, M. L. (2017). Identification of Differentially Expressed Reproductive 
and Metabolic Proteins in the Female Abalone (Haliotis Laevigata) Gonad Following 
Artificial Induction of Spawning. Comparative Biochemistry and Physiology - Part 
D: Genomics and Proteomics, 24, 127-138. 
Miller, A., Van Rooyen, A., Rašić, G., Ierodiaconou, D., Gorfine, H., Day, R., Wong, C., 
Hoffmann, A., & Weeks, A. (2016). Contrasting Patterns of Population Connectivity 
between Regions in a Commercially Important Mollusc Haliotis Rubra: Integrating 
Population Genetics, Genomics and Marine Lidar Data. Molecular Ecology, 25(16), 
3845-3864. 
Miller, K. J., Mundy, C. N., & Mayfield, S. (2014). Molecular Genetics to Inform Spatial 
Management in Benthic Invertebrate Fisheries: A Case Study Using the Australian 
Greenlip Abalone. Molecular Ecology, 23(20), 4958-4975. 
Miyake, Y., Kimura, S., Horii, T., & Kawamura, T. (2017). Larval Dispersal of Abalone and 
Its Three Modes: A Review. Journal of Shellfish Research, 36(1), 157-167. 
Mobsby, D., & Koduah, A. (2017). Australian Fisheries and Aquaculture Statistics 2016. 
Fisheries Research and Development Corporation project, 95. 
Mobsby, D. (2018). Australian Fisheries and Aquaculture Statistics 2017. 
Mobsby, D., Curtotti, R. (2020). Australian Fisheries and Aquaculture Statistics 2018, 
Fisheries Research and Development Corporation Project 2019-093, ABARES, 
Canberra. 
Morash, A. J., & Alter, K. (2016). Effects of Environmental and Farm Stress on Abalone 
Physiology: Perspectives for Abalone Aquaculture in the Face of Global Climate 
Change. Reviews in Aquaculture, 8(4), 342-368. 
Mundy, C., & Jones, H. (2017). Tasmanian Abalone Fishery Assessment 2016. Institute for 
Marine and Antarctic Studies Report, University of Tasmania. 
Nam, B., Kwak, W., Kim, Y., Kim, D.-G., Kong, H. J., Kim, W., Kang, J., Park, J. Y., An, C. 
M., Moon, J., Park, C. J., Yu, J. W., Yoon, J., Seo, M., Kim, K., Kim, D. K., Lee, S., 
Sung, S., Lee, C., Shin, Y., Jung, M., Kang, B., Shin, G., Ka, S., Caetano-Anolles, K., 
Cho, S., & Kim, H. (2017). Genome Sequence of Pacific Abalone (Haliotis Discus 
Hannai): The First Draft Genome in Family Haliotidae. GigaScience, 6(5), 1-8. 
Officer, R. (1999). Size Limits for Greenlip Abalone in Tasmania, Technical report, 
Tasmanian Aquaculture and Fisheries Institute, Hobart. 
OGA. (2016). Aquaculture Management and Environmental Monitoring Plan (Memp),  
  116 
OGA. (2020). Ocean Grown Abalone Limited Acn 148 155 042, 2020 Annual Report for the 
Year Ended 30 June 2020,  
Oliver, E. C., Donat, M. G., Burrows, M. T., Moore, P. J., Smale, D. A., Alexander, L. V., 
Benthuysen, J. A., Feng, M., Gupta, A. S., & Hobday, A. J. (2018). Longer and More 
Frequent Marine Heatwaves over the Past Century. Nature communications, 9(1), 1-
12. 
Park, J., Kim, P., & Jo, J. (2008). Growth Performance of Disk Abalone Haliotis Discus 
Hannai in Pilot and Commercial-Scale Recirculating Aquaculture Systems. 
Aquaculture International, 16, 191-202. 
Pauly, D., Zeller, D., Watson, R., Guénette, S., Christensen, V., Pitcher, T. J., Walters, C. J., 
& Sumaila, U. R. (2002). Towards Sustainability in World Fisheries. Nature, 
418(6898), 689-695. 
Pauly, D., & Zeller, D. (2016). Catch Reconstructions Reveal That Global Marine Fisheries 
Catches Are Higher Than Reported and Declining. Nature communications, 7(1), 
10244-10244. 
Pearce, A. F., Lenanton, R., Jackson, G., Moore, J., Feng, M., & Gaughan, D. (2011). The" 
Marine Heat Wave" Off Western Australia During the Summer of 2010/11. Western 
Australian Fisheries and Marine Research Laboratories. 
Pérez-Ruzafa, A., Martín, E., Marcos, C., Zamarro, J. M., Stobart, B., Harmelin-Vivien, M., 
Polti, S., Planes, S., García-Charton, J. A., & González-Wangüemert, M. (2008). 
Modelling Spatial and Temporal Scales for Spill-over and Biomass Exportation from 
Mpas and Their Potential for Fisheries Enhancement. Journal for Nature 
Conservation, 16(4), 234-255. 
Plagányi, É., Butterworth, D., & Burgener, M. (2011). Illegal and Unreported Fishing on 
Abalone—Quantifying the Extent Using a Fully Integrated Assessment Model. 
Fisheries Research, 107(1-3), 221-232. 
Prince, J., Hordyk, A., Valencia, S. R., Loneragan, N., & Sainsbury, K. (2015). Revisiting the 
Concept of Beverton---Holt Life-History Invariants with the Aim of Informing Data-
Poor Fisheries Assessment. ICES Journal of Marine Science, 72(1), 194-203. 
Prince, J., Sellers, T., Ford, W., & Talbot, S. (1988a). A Method for Ageing the Abalone 
Haliotis Rubra (Mollusca: Gastropoda). Marine and Freshwater Research, 39(2), 
167-175. 
Prince, J., Walters, C., Ruiz-Avila, R., & Sluczanowski, P. (1998). Territorial User's Rights 
and the Australian Abalone (Haliotis Sp.) Fishery. Canadian Special Publication of 
Fisheries and Aquatic Sciences, 367-376. 
Prince, J., & Hilborn, R. (1998). Concentration Profiles and Invertebrate Fisheries 
Management. Canadian Special Publication of Fisheries and Aquatic Sciences, 187-
198. 
Prince, J. (2005). Combating the Tyranny of Scale for Haliotids: Micro-Management for 
Microstocks. Bulletin of Marine Science, 76(2), 557-578. 
Prince, J. (2008). The Decline of Global Abalone (Genus Haliotis) Production in the Late 
Twentieth Century: Is There a Future? (pp. 427-443). 
Prince, J. D., Sellers, T. L., Ford, W. B., & Talbot, S. R. (1987). Experimental Evidence for 
Limited Dispersal of Haliotid Larvae (Genus Haliotis; Mollusca: Gastropoda). 
Journal of Experimental Marine Biology and Ecology, 106(3), 243-263. 
Prince, J. D., Sellers, T. L., Ford, W. B., & Talbot, S. R. (1988b). Confirmation of a 
Relationship between the Localized Abundance of Breeding Stock and Recruitment 
for Haliotis Rubra Leach (Mollusca: Gastropoda). Journal of Experimental Marine 
Biology and Ecology, 122(2), 91-104. 
  117 
Prince, J. D., Sellers, T. L., Ford, W. B., & Talbot, S. R. (1988c). Recruitment, Growth, 
Mortality and Population Structure in a Southern Australian Population of Haliotis 
Rubra (Mollusca: Gastropoda). Marine Biology, 100(1), 75-82. 
Prince, J. D. (1991). A New Technique for Tagging Abalone. Marine and Freshwater 
Research, 42(1), 101-106. 
Prince, J. D. (2003). The Barefoot Ecologist Goes Fishing. Fish and fisheries, 4(4), 359-371. 
Punt, A. E., Huang, T., & Maunder, M. N. (2013). Review of Integrated Size-Structured 
Models for Stock Assessment of Hard-to-Age Crustacean and Mollusc Species. ICES 
Journal of Marine Science, 70(1), 16-33. 
Punt, A. E., Haddon, M., & McGarvey, R. (2016). Estimating Growth within Size-Structured 
Fishery Stock Assessments: What Is the State of the Art and What Does the Future 
Look Like? Fisheries Research, 180, 147-160. 
Raemaekers, S., Hauck, M., Bürgener, M., Mackenzie, A., Maharaj, G., Plagányi, É. E., & 
Britz, P. J. (2011). Review of the Causes of the Rise of the Illegal South African 
Abalone Fishery and Consequent Closure of the Rights-Based Fishery. Ocean and 
Coastal Management, 54(6), 433-445. 
Raemaekers, S. J. P. N., & Britz, P. J. (2009). Profile of the Illegal Abalone Fishery (Haliotis 
Midae) in the Eastern Cape Province, South Africa: Organised Pillage and 
Management Failure. Fisheries Research, 97(3), 183-195. 
Rhode, C. (2010). Development of Gene-Linked Molecular Markers in South African 
Abalone (Haliotis Midae) Using an in Silico Mining Approach. (Doctoral 
dissertation), University of Stellenbosch, Stellenbosch.   
Rosenberg, G. (2014). A New Critical Estimate of Named Species-Level Diversity of the 
Recent Mollusca. American Malacological Bulletin, 32, 308-222. 
Sandoval-Castillo, J., A. Robinson, N., Hart, A., Strain, L., & Beheregaray, L. (2018). 
Seascape Genomics Reveals Adaptive Divergence in a Connected and Commercially 
Important Mollusc, the Greenlip Abalone (Haliotis Laevigata), Along a Longitudinal 
Environmental Gradient. Molecular Ecology, 27(7), 1603-1620. 
Saunders, T. M., Mayfield, S., & Hogg, A. A. (2008). A Simple, Cost-Effective, 
Morphometric Marker for Characterising Abalone Populations at Multiple Spatial 
Scales. Marine and Freshwater Research, 59(1), 32-40. 
Saunders, T. M., Connell, S. D., & Mayfield, S. (2009). Differences in Abalone Growth and 
Morphology between Locations with High and Low Food Availability: 
Morphologically Fixed or Plastic Traits? Marine Biology, 156(6), 1255-1263. 
Searcy-Bernal, R., & Gorrostieta-Hurtado, E. (2007). Effect of Darkness and Water Flow 
Rate on Survival, Grazing and Growth Rates of Abalone Haliotis Rufescens 
Postlarvae. Journal of Shellfish Research, 26(3), 789-794. 
Shepherd, S. A., & Hearn, W. S. (1983). Studies on Southern Australian Abalone (Genus 
Haliotis). Iv. Growth of H. Laevigata and H. Ruber. Marine and Freshwater 
Research, 34(3), 461. 
Shepherd, S. A., & Brown, L. D. (1993). What Is an Abalone Stock: Implications for the 
Role of Refugia in Conservation. Canadian Journal of Fisheries and Aquatic 
Sciences, 50(9), 2001-2009. 
Stenton-Dozey, J. M. E., Heath, P., Ren, J. S., & Zamora, L. N. (2020). New Zealand 
Aquaculture Industry: Research, Opportunities and Constraints for Integrative 
Multitrophic Farming. New Zealand Journal of Marine and Freshwater Research, 1-
21. 
Stone, A. J. D., Harris, J. O., Wang, H., Mercer, G. J., Schaefer, E. N., & Bansemer, M. S. 
(2013). Dietary Protein Level and Water Temperature Interactions for Greenlip 
Abalone Haliotis Laevigata. Journal of Shellfish Research, 32(1), 119-130. 
  118 
Strain, L., Borowitzka, M. A., & Daume, S. (2006). Growth and Survival of Juvenile 
Greenlip Abalone (Haliotis Laevigata) Feeding on Germlings of the Marcoalgae Ulva 
Sp. Journal of Shellfish Research, 25(1), 239-247. 
Strain, L. W., Hesp, S. A., Fabris, F., & Hart, A. M. (2017). Demographic Performance of 
Brownlip Abalone: Exploration of Wild and Cultured Harvest Potential. Western 
Australian Government-Department of Fisheries. 
Strong, E. E., Gargominy, O., Ponder, W. F., & Bouchet, P. (2008). Global Diversity of 
Gastropods (Gastropoda; Mollusca) in Freshwater. Hydrobiologia, 595(1), 149-166. 
Sullivan, P. J., Lai, H.-L., & Gallucci, V. F. (1990). A Catch-at-Length Analysis That 
Incorporates a Stochastic Model of Growth. Canadian Journal of Fisheries and 
Aquatic Sciences, 47(1), 184-198. 
Sumaila, U. R., Lam, V., Le Manach, F., Swartz, W., & Pauly, D. (2016). Global Fisheries 
Subsidies: An Updated Estimate. Marine Policy, 69, 189-193. 
Tarr, R. J. Q., Williams, P. V. G., & Mackenzie, A. J. (1996). Abalone, Sea Urchins and 
Rock Lobster: A Possible Ecological Shift That May Affect Traditional Fisheries. 
South African Journal of Marine Science, 17(1), 319-323. 
Taylor, M. D., Chick, R. C., Lorenzen, K., Agnalt, A. L., Leber, K. M., Blankenship, H. L., 
Haegen, G. V., & Loneragan, N. R. (2017). Fisheries Enhancement and Restoration in 
a Changing World. Fisheries Research, 186, 407-412. 
R Core Team. (2020). R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical: Vienna, Austria. Avaliable at https://www.r-project.org/.  
Tegner, M. J., & Butler, R. A. (1985). Drift-Tube Study of the Dispersal Potential of Green 
Abalone (Haliotis Fulgens) Larvae in the Southern California Bight: Implications for 
Recovery of Depleted Populations. Marine Ecology Progress Series, 26(1/2), 73-84. 
Teh, L. C. L., & Pauly, D. (2018). Who Brings in the Fish? The Relative Contribution of 
Small-Scale and Industrial Fisheries to Food Security in Southeast Asia. Frontiers in 
Marine Science, 4, 1. 
Temby, N., Miller, K., & Mundy, C. (2007). Evidence of Genetic Subdivision among 
Populations of Blacklip Abalone (Haliotis Rubra Leach) in Tasmania. Marine and 
Freshwater Research, 58(8), 733-742. 
Tsikliras, A. C., & Froese, R. (2018). Maximum Sustainable Yield. Encyclopedia of Ecology, 
1, 108-115. 
Vlok, A. C., Difford, G. F., Rhode, C., & Brink, D. (2016). An Assessment of Hatchery 
Cohort Growth Rates of South African Abalone, Haliotis Midae, across Four 
Commercial Environments. Journal of the World Aquaculture Society, 47(5), 658-
666. 
von Bertalanffy, L. (1938). A Quantitative Theory of Organic Growth (Inquiries on Growth 
Laws. Ii.). Human Biology, 10(2), 181. 
Wang, T., Nuurai, P., McDougall, C., York, P. S., Bose, U., Degnan, B. M., & Cummins, S. 
F. (2016). Identification of a Female Spawn-Associated Kazal-Type Inhibitor from 
the Tropical Abalone Haliotis Asinina: A Female Abalone Spawn-Associated Peptide. 
Journal of Peptide Science, 22(7), 461-470. 
Wang, Y. G. (1998). Growth Curves with Explanatory Variables and Estimation of the Effect 
of Tagging. Australian & New Zealand Journal of Statistics, 40(3), 299-304. 
Webster, D. G. (2009). Adaptive Governance: The Dynamics of Atlantic Fisheries 
Management. Cambridge. MIT Press. 
Webster, D. G. (2015). Beyond the Tragedy in Global Fisheries. Cambridge. MIT Press. 
Wells, F., & Mulvay, P. (1992). Reproduction and Growth of the Greenlip Abalone Haliotis 
Laevigata on the South Coast of Western Australia. Unpublished report to the 
Western Australian Department of Fisheries. 
  119 
Wells, F., & Mulvay, P. (1995). Good and Bad Fishing Areas for Haliotis Laevigata - a 
Comparison of Population Parameters. Marine and Freshwater Research, 46(3), 591-
598. 
Wickham, H. (2016). Ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New 
York. 
Wilson, K. D. P., Leung, A. W. Y., & Kennish, R. (2002). Restoration of Hong Kong 
Fisheries through Deployment of Artificial Reefs in Marine Protected Areas. ICES 
Journal of Marine Science, 59(suppl), S157-S163. 
Worm, B., & Branch, T. A. (2012). The Future of Fish. Trends in ecology & evolution, 
27(11), 594-599. 
Wu, F., & Zhang, G. (2016). Pacific Abalone Farming in China: Recent Innovations and 
Challenges. Journal of Shellfish Research, 35(3), 703-710. 
Zeng, L., Tang, Z., Chen, P., Hou, C., & Chen, G. (2018). Bioacoustic Application on 
Fisheries Management in an Artificial Reefs’ Ecological Reserve of Bohai Gulf 
China. Environmental Earth Sciences, 77(21), 1-11. 
Zhang, L., Zhang, T., Xu, Q., Qiu, T., Yang, H., & Liu, S. (2015). An Artificial Oyster‐Shell 
Reef for the Culture and Stock Enhancement of Sea Cucumber, Apostichopus 
Japonicus, in Shallow Seawater. Aquaculture Research, 46(9), 2260-2269. 
 
 
  120 
Appendix 2 Conference poster 
 
  
  121 
Appendix 3 Culture and feeding regime at 888 Abalone  
Details of the culture and feeding regime of abalone have been provided by Jake Poad, the 
juvenile production manager for 888 Abalone.  
Operations of the 888 Abalone hatchery ensure water temperature is controlled to be 
~18 degrees and maintain a stable temperature that will only fluctuate 1 degree. In November, 
after 6 days, abalone are moved into nursery tanks, which have been seeded with diatoms and 
Ulvella sp. to act as settlement cues and feed. The nursery tanks are fertilised and flow rates 
controlled to ensure adequate food for the inhabiting abalone, who prior to recent developments 
after the scope of this study, were only fed with the algae growing in the tanks. 888 Abalone 
now provide supplement feeding similar to other Australian abalone farms. After 
approximately 6 months (April/May), abalone in nursery tanks are anaesthetised with a 
benzocaine mix, scooped out of tanks and put across a grading table which are stocked with 
controlled densities according to size, into hide tanks that contain concrete bricks to simulate 
natural habitat to can hide under. These tanks are supplied with unfiltered sea water and the 
abalone are fed artificial pelletised feed (Yumbah and aquafeeds) 5 -7 days a week depending 
on size, appetite and cleaning schedule. The abalone reside in these tanks for another 6 months 
(October/November) when they are again benzocained and graded, with the largest abalone 
moved into slab tanks in a darked out dome where they settle on a flat substrate, and the smaller 
abalone are put back into hide tanks until the following March/April. Hide and slab tanks are 
flushed with raw sea water in a flow through system, there is no recirculation. As a result of 
this, water temperature varies according to season, with minimum temperatures of ~15 °C 
recorded in August/September, and maximum temperatures of ~22 °C in February/March.  
 
